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ABSTRACT

DEVELOPMENT OF AN LCMS ANALYTICAL METHOD WITH APPLICABILITY TO
DETERMINATION OF TRACE LEVEL EXPLOSIVES IN ENVIRONMENTAL WATERS
by
Cristina Veresmortean

Advisor: Dr. Ronald Birke
Co-advisor: Dr. Adrian Covaci

Traces of explosives and their degradation products present in explosives contaminated sites from
military sources, such as training facilities, impose a great concern over the public health and our
eco-system. This work is centered around finding an efficient way to extraction of these chemicals
from water samples and their analysis using advanced separation technology: LC-MS/MS
Shimadzu Prominence 8050 and AB Sciex Trap 4000 LC-MS/MS. Different extraction methods
will be proposed, along with chromatographic and mass spectroscopy method development.
Dependent on the target analyte polarity, thermal degradation, solubility, and type of matrix a
suitable method of analysis will be established. The study design incorporates development of an
appropriate method for identification and quantitationof eight selected explosive compounds, in
water samples: NB, 1,3-DNB, 1,3,5-TNB, 2,4,6-TNT, 2,4-DNT, RDX, HMX and PETN. A survey
of the published articles and writings provides a foundation to the thesis and gives additional
background on the researched topic. Some of the proposed methods in the literature have

iv

weaknesses, such as low resolution, low sensitivity, low yield recoveries, extended run times,
and one greatly misleading fact where the representative MRMs are not uniquely chosen for each
analyte, but rather having common fragment ions. The author has developed a mass spectrometric
method, where MRMs are manually selected in such way to offer distinctive fragmentation
features for each target compound. As such, this method would be useful in the positive
identification of the analytes.
Since there are only a few papers on commonly used organic secondary explosives, where an
extensive mass spectrometric evaluation is presented, we furthermore aimed at developing a stepby-step methodology for the optimization of the source and compound-related parameters. The
technique yielding the best data and tailored to our scope of developing a general method for
explosive compounds is chosen, along with investigation of appropriate chromatographic and mass
spectrometric conditions. After an intensive optimization process, we have shown that all eight
compounds are being detected with relatively good intensity, when using electrospray ionization
4
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source in negative polarity (10 - 10 ). Therefore, our established method is proven to be a reliable
general method.
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1. Introduction

1.1. Thesis structure and project stages
This dissertation is structured in five chapters:
Chapter 1.

introduces the reader to the compounds studied, underlines the details of the
optimization approaches and provides a survey of the analytical methods used in
the literature.

Chapter 2.

describes

the

chromatography

and

mass

spectrometry

principles

and

instrumentation and gives some insight on the sample preparation methods.
Chapter 3.

gives the details of the optimized LC-MS method for the two instruments studied.

Chapter 4.

brings together a comparison between the two instruments, used to conduct the
analyses.

Chapter 5.

presents a general discussion of the results obtained, with awareness on future
developments in the subject.

Project stages:
1. Planning
2. Method development and optimization
3. Method validation and calibration
4. Transferability of the optimized method to other instruments
5. Applicability to real sample analysis

Key questions:
The project followed a systematic approach, starting with some key questions:
1. How harmful are the target toxins on the environment and human body?
1

2. What methods are suitable for their trace level analysis?
3. Are the analytes present at high enough concentrations to be detected with the proposed LCMS/MS method?
4. What are the strengths and weaknesses of the analytical method selected?
5. Have any similar approaches to the optimization been published, in the recent years?
6. Can this research be applied to future projects for remediation and monitoring the quality of
water?

How are the goals achieved:
1.

Search for novelty and latest publications in the field

2.

Selection of target compounds to be studied

3.

Investigate physico-chemical properties of the target analytes

4.

Selection of an appropriate method of analysis

5.

Assess availability of instrumentation

6.

Develop strategy of optimizing the mass spectrometric method

7.

Develop strategy of optimizing the entire analytical method

With the key questions and the goals set to be achieved in mind, we aim to develop a method
based on liquid chromatography tandem mass spectrometry using electrospray ionization, to cover
a large range of analyte polarity. It is known that ESI is generally suitable for polar compounds
with high molecular weight, such as biomolecules. We tried applying this ionization to our target
compounds, which span from less polar to highly polar and having low molecular weights. To
achieve what we proposed, an extensive optimization of all of instrument parameters is necessary.
Then, we plan to identify a unique fragmentation pattern of each molecule and use two specific,
unique fragments to be monitored during chromatography.
2

1.2. Generalities on mass spectrometric and separation methods
The method of LC-MS/MS, explained in simple words is an electrospraying process of the eluent
(containing sample and solvent) emerging from the LC and entering the MS, that leads to sample
ionization. It is considered a micro-analytical technique, requiring only few nano-moles of sample.
However, the volume of solvents used for separations remains large. Ions are being separated by
their mass-to-charge ratio m/z, with a wide variety of ionization techniques. ESI is a soft ionization
of low energy (~2-6 kV), at the same time destructive (sample cannot be recovered). An LCMS/MS system is composed of the following units:
a. the liquid chromatograph (solvent system, degasser, pumps, autosampler, chromatographic
column, thermostated compartment and detector)
b. the mass spectrometer functioning as a detector (ion source, ion transfer ensemble, mass
analyzer, vacuum achieved by the chromatographic unit function and identification of the analytes
separated during chromatography is the role of a mass spectrometer.
The working unit of a mass spectrometer is the mass analyzer, specifically a triple quadrupole in
the case of our instruments: Shimazdu 8050 and AB Sciex 400. A triple quadrupole is a triple array
of four hyperbolic metallic rods (electrodes) operating to focus/defocus ions, when an oscillating
electric field is applied. The first Q1 and third Q3 quadrupoles can be employed as a) mass filters
subjected to a DC and RF field b) the second quadrupole q or Q2 collision cell as ion guide
subjected to only RF field. Unstable trajectory ions hit the rods in Q1/Q3 and are deflected from
the straight path, whereas the stable trajectory ions emerge at the end of the rods and are being
analyzed. Fragmentation takes place inside the collision cell q, under the CID nitrogen gas at high
vacuum. The data is acquired as a full-scan spectrum, in continuous (profile) manner with a preset number of data points per m/z. Many analyzers can perform a selected-ion monitoring SIM
experiment, meaning the instrument selects a certain ion to be transmitted to the detector. The full-
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scan provides with a higher signal-to-noise ratio; therefore all our experiments were performed as
full-scans.
LC-MS/MS has proven to be a suitable method for those compounds which do not survive GCMS due to their thermal instability and low vapor pressures (Badjagbo 2012). There are challenges
and difficulties associated with the use of the LC-MS/MS. Poor quality spectrum would be
obtained, if an improper ionization mode were selected. ESI and APCI are sensitive techniques,
very effective in studying the nitroaromatic, nitroamine and nitroester compounds based on MRMs
and adducts formation. Both belong to the atmospheric pressure ionization category (API). ESI is
preferred for the analysis of polar and low volatility compounds and APCI is more suitable for the
analysis of low polarity compounds. When the two sources are combined, as one dual ionization
source, DUIS, we expect an extended polarity range of compounds to be covered.
Electron and proton transfer reactions that take place inside an ionization chamber are:
1. Molecular and quasi (or pseudo)-molecular ion formation
Positive mode
M – e- = M+ ·
M + H+ = [M+H]+ (singly protonated ion)
M + nH+ = [M+nH]n+/n (multiply protonated ion)
2M + H+= [2M+H] +
Negative mode
M + e- = M- ·
M – H+ = [M-H]- (singly protonated ion)
M – nH+ = [M-nH]n+/n (multiply protonated ion)
2M – H- =[2M-H] 2. Adduct formation

4

With mobile phase ions
Acetonitrile
[M+CH3CN+H]+; [M+2CH3CN+H]+
Water
[M+H3O]+; [M+(H2O)2 + H]+ ; [M+(H2O)3 + H]+ ; [2M+H3O]+
Alcohols
[M+CH3OH+H]+ ; [M+CH3CHOHCH3+ H]+
With additives
[M+Na]+; [M+K]+; [M+NH4]+; [M+Li]+; [M+2Na]+; [M+2Na-H]+; [M+H2O+Na]+;
[2M+Na]+; [M+HCOO]-; [M+Cl]-; [M+NO3]-; [M+NO]+; [M+NO2]+; [M+NO]-;
[M+NO2]- ; [M-CH2NNO2]-

There are several experiment types that could be performed with a QqQ, and which are
depicted in Figure 1.1.

Figure 1.1. Mass spectrometer scanning features (adapted from https://science.sciencemag.org)

5

Tandem mass spectrometry offers four features and these are:
A.

Product Ion Scan is employed for compound identification and confirmation with Q1 (first

quadrupole), used in fixed mode to transmit a certain ion and Q3 (third quadrupole), used in a
scanning mode, to collect information of all fragment ions produced in q (or Q2 the second
quadrupole, commonly named collision cell).
B.

Precursor Ion Scan is selected for a quick identification with Q1 used in scan mode and Q3

used in fixed mode, to transmit a specific fragment collected in q.
C.

In the case of the Neutral Loss Scan precursor ion is scanned in Q1, transmitted to q where

it fragments and certain neutral losses (H2O, NO2, NO, etc.) are further scanned in Q3.
D.

For constant MRM, a quantitative mode uses the Q1 fixed for precursor ion, which is

transmitted to q for fragmentation and then to Q3, which is fixed for a specific fragment
transmission.

MRM analysis takes care of co-eluting interferences coming from the matrix, in tandem with
a good sample extraction process (www.chromacademy.com). Isotope dilution experiments make
use of an internal standard (ISTD) and are carried out to improve quantitation and remove matrix
interferences. Schmidt et al., 2006 state that for each substance type, there is need for an
appropriate ISTD. Therefore, in our case three different ISTDs are recommended to be used,
which could be problematic due to the high material cost. This is when the use of MRMs comes
very handy, being highly specific (Schmidt 2006). Isomers are not distinguishable in MS, unless
coupled with a chromatographic separation. Some of our compounds show isomeric behavior,
however their separation is not being investigated in this thesis. Co-elution of isobars is also
possible, their identification implies the use of high-resolution mass spectrometry (Matuszewski
2003, Thurman 2018). Sensitivity assessment of the overall method is based on the spectrometer

6

response, chromatographic separation conditions and extraction efficiency. Mechanistic
information and selectivity of the method are required, in case of complicated matrices.

1.2.1. ESI, APCI and DUIS mass spectrometry
ESI is a technique where the analyte is being ionized in the liquid phase (charged droplets exiting
the nebulization capillary and going through ionization by electronic repulsions), whereas APCI
involves ionization in the gas-phase (charged droplets exiting the nebulization capillary and going
through “chemical reactions”, with the ionized air and solvent molecules).
There are some disadvantages to the ESI method: a) impurities other than the additives present in
the mobile phases contribute to excessive adduct formation which can complicate spectra
interpretation (Badjagbo 2012), b) intensities of ions may become inconsistent, due to the variable
concentration of impurities in the solution (Badjagbo 2012) and c) the MRM results obtained could
become difficult to interpret, due to the interaction of the product ions formed in the collision cell
with water molecules (Neta 2014).
Another disadvantage of using ESI for nitroaromatic compounds is emphasized in a paper of
Schramm et al., 2015 and underlines the existence of ion suppression. Moreover, the nitramines
and nitroester are being analyzed as adducts (Schramm 2015).
Overall, ESI is not considered the most sensitive method to detect and quantitatively analyze
explosive compounds. Energetically, APCI is a more softer ionization technique than ESI. The
ionization mechanistic processes monitor molecular ion and quasi-molecular ion formation, insource fragmentation, adduct creation and collision cell fragmentation (Kauppila 2005).
Optimization of the mass spectrometer, in ESI positive and negative is performed and compared.
It is known that ESI is prone to matrix effects, a fact which calls for a better sample purification.
Further chromatographic studies are based on the optimized ionization mode, which gives highest
sensitivity and highest selectivity for the target compounds.
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Volatility of target compounds and additives is mandatory in LC-MS/MS. Additive concentration
must be kept low < 10 mM or < 5%. Because ions are produced in the gas phase, matrix effects
are less pronounced than in ESI, therefore APCI can tolerate higher concentration of additives than
ESI. The AB Sciex MS QTrap 4000 can function as both: ion trap and a quadrupole and is equipped
with four modes for adjusting the RP (resolving power) of Q1/Q3: low (with peak width set > 0.7
Da @ FWHM), unit (with peak width set to 0.7 Da @ FWHM), high (with peak width set to 0.5
Da @ FWHM) and open (similar to low, but used for individual cases) (www.chromacademy.com)
(https://sciex.com 2011).
Shimadzu 8050 features three RP settings for Q1, as opposed to AB Sciex QTrap: low, unit and
high. DUIS is available only with the Shimadzu instrument and represents a combination of ESI
and APCI, where both ionization modes features are incorporated. A diagram of DUIS is included
in Figure 1.2. below.

Figure 1.2. Dual ionization representation in Shimadzu 8050 instrument

1.2.2. Hyphenation to liquid chromatography
The flowchart in Figure 1.3. depicts a sequential order of the optimization process. It is a repetitive
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process, which can be performed several times, until the desired sensitivity is achieved. First step
in the flowchart - the initial tuning of the mass spectrometer - is a rough tuning sequence, where
parameter values are varied using large increments. As seen listed, there are three interfaces
available: ESI, APCI and DUIS. There are two sets of parameters that can be adjusted: specific to
the source (gas flows, gas pressures, voltages) and compound related - directly affecting the analyte
behavior inside the mass spectrometer (collision energy CE, declustering potential or sprayer
voltage DP and other, which will be mentioned later in Chapter 2.2.).
Adjustment of the above listed parameters can be done in two ways: automatically - by the
instrument software and manually - by the operator. The difference between the two is: the
automatic is obviously faster than the manual, yet the instrument selection of the precursor ion (or
molecular or quasi-molecular ion) to be fragmented, might be inaccurate. With the manual option,
the target ion is carefully analyzed and correctly selected.
During the chromatographic separation process, we aim to obtaining a baseline resolution of the
peaks. This can be achieved by varying parameters, such as column dimensions and stationary
phase, temperature, mobile phase, pH, type of run: isocratic or gradient, etc.
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Figure 1.3. Optimization flowchart
After the separation is accomplished, we return to fine-tuning of the mass spectrometer, where
parameter values are varied using small increments, until final optimized values are obtained. Two
instruments were used for this work: Shimadzu 8050 LC/MS and Shimadzu Prominence LC
coupled to an AB Sciex QTrap 4000 MS. A vast collection of hyphenated analytical techniques
for explosives determination in water samples is presented in a review paper by (Veresmortean
2018).
Some insight into preliminary testing is given below. In addition, we have applied valuable
concepts recently presented by Thurman, at the Pittsburgh Conference, in 2018 Orlando FL
(Thurman 2018).
1. First step is to select a suitable mobile phase and a volatile additive (modifier) or buffer to
use with the mass spectrometer. Start with running some pre-trials using only the mobile phase,
without any added modifier (neat solvent). The mobile phase must be a mixture of an organic
solvent and water (1:1), all of high purities.
2. Different solvent and additive combinations are to be tried out. Ammonium formate or formic
acid at concentrations less than 10 mM in pH acidic/basic solvent, is a general start-up selection.
Other volatile acids and bases such as acetic acid, ammonium acetate can be used. The pH is
adjusted with acid or base.
3. ESI is a good choice for ionizable, more polar compounds, high molecular mass and APCI for
less-polar, low molecular mass compounds. Use both modes - positive and negative - to screen
analytes and compare their response.
4. Our first goal is to screen the sample and assess if the compound gives a signal, using the default
source parameters. One must look for selectivity (how well the instrument is detecting different
compounds), sensitivity (can be improved by changing parameters: voltages, gas pressures and
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temperatures, collision energies, etc.) and reproducibility (RSD < 15%).
5. Run a full scan of the analytes’ mixture by infusing a 1 ppm (or higher concentration) solution
directly in the mass spec and examining the response (at this point, there will be only one large
peak; compounds are not chromatographically separated). Identify each analyte under that large
peak, and manually select their potential precursor ions. Compare the manually obtained precursor
ions to the ones automatically obtained by the instrument. Peak area (or peak height where the
peak is purest at the top) is suitable for qualitative purposes.
6. Precursor ions can be the molecular ions M+ or M- and quasi-molecular ions [M+H]+ (generally,
in positive mode) or [M-H]- (generally, in negative mode). These ions are found during the
automatic compound optimization; however, they can be manually selected.
7. Method of automatic optimization of compound-specific parameters, by infusion: a syringe
loaded with analyte mixture is fitted into a pump and infused directly into the mass spectrometer.
8. Method of automatic optimization of source-related parameters by flow injection analysis FIA:
injection of analyte mixture into the MP used for chromatography; however, no chromatographic
column is being used, therefore no separation of the peaks is obtained.
9. Another approach is to manually optimize for both source and compound-related parameters.
This is time-consuming, due to the large number of parameters that should be varied (GS1
nebulizing gas pressure, Ion Spray voltage IS, probe temperature TEM, GS2 heating gas pressure,
Curtain gas pressure CUR , collision activated or induced dissociation CAD or CID gas pressure,
declustering potential DP voltage, entrance potential EP voltage, collision cell exit potential CXP
voltage, collision energy CE, resolving power RP , dwell time DT, probe position PP, mass range,
scan speed, and trap fill time, etc.).
10. Our strategy is to start with infusion experiments, perform a manual “rough tuning with large
increments” of the source parameters and obtain the MRMs for each compound (automatically),
and then proceed to chromatography studies. Source-related parameters are to be varied manually,
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as “fine tuning with small increments” during the chromatography method development. The goal
is to improve sensitivity, simultaneously for all compounds in the mixture.
11. One note worth to mention is that various manufacturers use different nomenclature (due to
different instrument configurations) for the mass spectrometer parameters.
12. Prepare the chromatographic run, using first an isocratic profile elution with the same MP as
in the optimized infusion experiments; if reasonable separation is not achieved, try a gradient
elution starting at 10% organic with an increase to 100% in 60 minutes and returning to 10%; use
a slow high rate of 1- 2 ml/min with a 5 microns column; try adding modifiers (additives) to
increase sensitivity and compare to the naked MP; a 1 ppm standard is used as a control to check
intra-day and inter-day data reproducibility; the RSD should be less than 15%, in both cases;
fluctuations in the response of the instrument can be due to: sprayer instability, dirty interface,
impurities present in the MP, column contamination or overload, etc.
13. Change eluent system and repeat the process; determine which solvent has better effect on
sensitivity.
14. Add diverse modifiers to the MP and compare ion formation efficiencies.

1.2.3. Optimization Approaches and MRMs
An LC/MS method can be optimized using many approaches. First approach and a standard
practice is to run the automatic optimization (employing the instrument’ software), where all
source- related parameters are kept at default values and only compound-related parameters
are being optimized (collision energy CE and ion guide array voltages DP, CXP, etc.). This is done
via infusion experiments using a syringe, as already outlined. Compound specific parameters can
also be optimized manually, as necessary.
In proceeding with manual optimization use the source default parameters, which give a good
starting point for any infusion analysis. It turns out that the default parameters (which are
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established by tuning the instrument with reserpine or polypropylene glycol standard solution)
recommended by each manufacturer, are to be used firstly. Manually change parameters one at
the time, starting from low to high values until all are optimized. Identify which parameters are
critical (show large changes in sensitivity and peak shape).
As part of automatic optimization, FIA (flow injection analysis) approach keeps compound-related
parameters (obtained after infusion optimization) constant and varies the source-related
parameters. FIA uses a union column, without stationary phase and no separation of analytes is
anticipated at this point. A large, broad peak is expected to be seen. When analyzing this peak,
molecular ions of all analytes should be present, at different abundances. The mixture is being
placed in a vial and inside the autosampler. Solution is injected into the mobile phase flow. Results
consist in obtaining a set of optimum source-related parameters, for each analyte. To achieve a
general method encompassing all eight analytes, a compromise set of parameters must be selected.
This methodology could be challenging, since every compound responds differently under the
specific conditions. By monitoring fragmentation of the analytes, a process called multiple reaction
monitoring or for-short MRM, qualitative and quantitative analysis is ensured (transitions pinpoint
only those fragments arising from a particular compound, when a neutral or charged fragment is
lost from the precursor ion). Existence of isobars (compounds with the same Mm, but different
chemical properties) in a mixture cannot be overruled - they might give same fragments as the
compounds of interest and to overcome this issue high resolution instruments are employed,
when available. The instrument can be setup to identify up to eight MRMs per compound. Of
those, obtain two MRMs to use with chromatography experiments, making sure they are stable
over the course of all runs (by monitoring their Quantifier/Qualifier ratio). Moving forward to the
hyphenated method, use the optimized source/gas and compound-related parameters for
chromatographic separations. A baseline resolution is recommended for a nicely looking
chromatogram and mandatory if isomeric species are present; once MRMs are established,
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overlapped peaks are deconvoluted by the software to give areas representative for each analyte.
There are other parameters to be optimized, which is also deem critical: resolution or RP of Q1
and Q3, probe position PP and dwell time DT. RP values can be changed in the software, in the
tune method editor option for infusion and in the acquisition method for chromatography. PP is
manually adjusted (distance of the nebulizing capillary to the orifice), whereas DT is either
automatically adjusted by the instrument or manually by the operator. When dealing with a high
number of MRMs, set DT to low values (5-50 ms); this will bring S/N ratio higher and decrease
the limit of detection, LOD. In the instrument’ hardware manual, there are some useful
guidelines about adjusting the sprayer position or PP. We have noticed experimentally that
using an infusion of a 1 ppm standard solution before running any chromatograms, will tune the
instrument for the specific analysis; it is also recommended to run an infusion, whenever a method
is changed. The optimization is a repetitive process and must be done systematically (Figure 1.3.).

1.3. Overview of analytical methods for explosives studied
(Excerpt from an article published in IJEAC, 2018; authors: Cristina Veresmortean and Adrian
Covaci) (Veresmortean 2018).

1.3.1. Introductory remarks
Explosives are a class of xenobiotics, which pose a permanent and increasing concern on human
and ecosystem health. These chemicals are highly toxic, some carcinogenic and their detection in
rural areas, surrounding military bases and weapon training facilities became imperious. Quality
of potable water particularly in rural areas where wells are the primary water sources, is of great
importance. Listed as highly energetic compounds, explosives will rapidly decompose under
chemical or physical stimuli, causing fast heat evolution and generation of high pressures gases
e.g., NOx, H2O, CO and CO2. According to their susceptibility to detonation, explosives are
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classified in three categories: primary, secondary and tertiary. Primary explosives are highly
sensitive to ignition by friction, shock, heating or spark and serve as detonators for secondary
explosives. Secondary explosives are usually mixed with primary explosives and linked together
with plasticizers, waxes or stabilizers. Organic secondary explosives are used for military
operations, their detonation resulting in wide spreading of toxic debris over water bodies and other
environmental entities. Tertiary explosives do not self-detonate, unless a secondary explosive is
present (Mäkinen 2011, Pichtel 2012). Belonging to the aforementioned category of organic
secondary explosives and targeted in this paper are a) nitroaromatics, a subclass of compounds
holding a C-N-NO2 bond: NB (nitrobenzene), DNBs (dinitrobenzenes), 1,3,5-TNB
(trinitrobenzene), DNTs (dinitrotoluenes), 2,4,6-TNT (trinitrotoluene), b) nitroamines: RDX
(1,3,5-Trinitro-1,3,5-triazine) and HMX (1,3,5,7-Trinitro-1,3,5,7-tetrazocine),

c) nitroesters:

PETN (2,2-Bis(hydroxymethyl)-1,3-propanediol Tetranitrate). These target pollutants were
chosen to be studied, due to their high probability to exist in water bodies next to military
establishments and for their negative impact on human health and environment (EPA).

1.3.2. Chemical/physical properties of explosives studied
Listed properties are depicted in conjunction with their potential to exist in the environment, as
pollutants: Henry’s law constant for volatility, photolysis rate, water solubility, vapor
pressure, organic-carbon partitioning coefficient (Koc) and soil/sediment water partition coefficient
-5

-11

(Kow). Generally, these explosives have low Henry’s Law constant values of 10 - 10

atm

3

m /mol, hence low tendency to volatilize from liquid solution into the gas phase ( Ware 2006) .
Compounds such as 1,3-DNB, 1 , 3 , 5 - TNB, 2 , 4 - DNT, 2 , 4 , 6 - TNT, RDX, HMX and PETN
will not sublime or volatilize easily from water surface. However, NB is known to exhibit
slow volatilization from surface water (Department of Health and Human Services 1990). Their
presence in surface waters depends on the photolysis rate. When exposed to sunlight some of
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the compounds will decompose yielding to by-products, hence they will only be present at trace
levels. Water solubility constants cover a large range from 6.63 mg/L for HMX to 1900 mg/L for
NB. Octanol-water partition coefficient is a measure of hydrophobicity. Simulation studies on
water columns showed some of these compounds will adsorb to suspended solid/sediment (Koc
dependent), while some, depending on their octanol-water partition coefficient, will mostly
reside in the water phase (Department of Health and Human Services 1990). There are many
nomenclatural synonyms associated with these compounds, as listed in reference (Pennington
2002). Structure, formula, physical properties and their potential presence in diverse water
bodies are presented in Table 1.1.

Table 1.1. Physical properties of selected explosives and probability in environmental waters

Category

Formula

CAS

Molecular
Vapor
Mass
pressure
Mm
P
(g/mol)
(mmHg)a

Water
solubility
S
(mg/L)b

Log
Kocc

Presence
in
Log
d suspended
Kow
solids or
sediment

Presence in ground
water

Nitroaromatic (polar)

Nitrobenzene
(NB)

C6H5NO2

98-95-3

123.1

1.50x10-1
@ 20 °C

1900 @
20 °C

1.56

1.87

Trace
level

Maybef
Yesg
(WHO 2009)

1,3-Dinitrobenzene
(DNB)

C6H4N2O4

99-65-0

168.1

1.5x10-4

533

2.17

1.49

Trace
level

Yesg

1,3,5Trinitrobenzene
(TNB)

C6H3N3O6

99-35-4

213.2

6.4x10-6

278

2.02

1.8

Trace

Yesg

2,4,6Trinitrotoluene
(TNT)

C7H5N3O6

118-967

227.1

8.2x10-6

115

3.2

1.86

Yese
(Kalderis
2011)

Yesg
Trace level

2,4-Dinitrotoluene
(DNT)

C7H6N2O4

121-142

182.2

2.2x10-4

200

1.753

1.60
1.99

Maybee
(Kalderis
2011)

Yesg

level

Nitroamine (very polar)
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1,3,5-Trinitro-1,3,5triazine
(RDX)

1,3,5,7-Trinitro1,3,5,7-tetrazocine
(HMX)

C3H6N6O6

121-824

C4H8N8O8

269141-0

222.3

296.2

4.1x10-9

59.7

1.6
2.2

0.87

Maybee
(Kalderis
2011)

Yesg

2.4x10-8

6.63
@20°C
(W.C.
Roberts
1992)

1.5
2.5

0.06
0.26

Trace
level

Yes

Nitroesters (less polar)

Category

Formula

CAS

2,2Bis(hydroxymethyl)1,3-propanediol
C5H8N4O12 78-11-5
Tetranitrate
(PETN)

Molecular
Mass
Mm
(g/mol)

Vapor
pressure
P
(mmHg)a

Water
solubility
S
(mg/L)b

Log
Kocc

Presence
in
Log
d suspended
Kow
solids or
sediment

316.1

1.4x10-7

43

0.54

2.38

Presence in ground
water

Trace
level

Yes

All references, except noted are from citation (Department of Health and Human Services 1990).
a all @ 25 °C, except noted; range: 1.0x105>P>1x10-9; different values are reported literature (Ewing 2013)
b range: 1.0x104 >S>1.0x10-3; different values are reported in literature ( Ware 2006)
c

range: 7>log Koc>-3

d

range: 7>log Kow>-3

e level

dependent on the organic carbon fraction

f

level dependent on the photolysis rate

g

reported EPA ID: WA517002729

Table 1.2. Thermodynamic and energetic data for selected classes

Ionization Potential

Electron Affinityb

Computed

∆Hacidity

(eV)

(eV)

pKac

(kcal/mol)

Analyte

Vapor Pressure
VP
(mmHg)a

Reference

26 (based on
G3MP2 cal<1.1
NB

1.50x10-1
culations)

9.9

377

weak acid

@ 20 °C
(Adeniyi

(Chen 2004)

2019)
1.7
1,3-DNB

10.4

13.86
weak acid

17

356

1.46x10-4

(Song 2007)

2.6
1,3,5-TNB

11.0

16.23

340

6.44x10-6

16.99

316

8.2x10-6

13.53 (Chemical Book
Database)

328

2.2x10-4

-15.06
(Chemical
Book Database)

>400

4.1x10-9

Cooper 2012)
(Song 2007)

-16.32
(Chemical
Book Database)

>400

2.41x10-8

Cooper 2012)
(Song 2007)

-5.5 (Chemical Book
Database)

>400

1.36x10-7

weak acid

((Song 2007)

2.5
2,4,6-TNT

10.7
weak acid

1.6
2,4-DNT

<1.6
weak acid

10.6 (based on B2-

<0

PLYPD calc.)

weak base

10.3 (based on B2-

<0

PLYPD calc.)

weak base

11.5 (based on B2-

<0

RDX

HMX

PETN
PLYPD calc.)

weak base

Cooper 2012)
(Song 2007)

(Cooper 2012)

a all @ 25 °C, except noted; range: 1.0x105 > P > 1x10-9; different values are reported in literature (Ewing 2013)

b a value of 2.6 is considered high for nitroaromatic compounds
c weak acids pKa=2 to 50; strong acids pKa= - 15 to 1
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(Song 2007,
Cooper 2012)

1.3.3. Chromatographic Techniques

1.3.3.1. Methodology
Most utilized secondary explosives contain a nucleophilic nitro-group that facilitates their analysis
by traditional analytical methods: gas/liquid chromatography mass spectrometry (Moore 2004).
Combination of UV and LC would work only for analytes containing chromophores. Despite the
valuable data obtained with HPLC/UV the method lacks selectivity and sensitivity for trace level
analysis. On monitoring fragmentation ions during mass spectrometry experiments, selective
identification and precise quantification of explosives is attainable (Sciex 2006) (Song 2007,
Badjagbo 2012) (Schramm 2015).
Mainly, two chromatographic methods for explosives analysis have been encountered in the
literature: gas or liquid chromatography, hyphenated to mass spectrometry. Non-volatile
compounds,which cannot be separated by GC/MS might be suitable for LC-MS/MS analysis. ESI
(electrospray ionization) and APCI (atmospheric pressure ionization) are predominantly employed
in an LC-MS/MS analysis for low molecular mass compounds. Each can be operated in a positive
or negative mode, dependent on the analyte properties. A detailed discussion on mass spectrometry
techniques is given elsewhere (National Measurement System 2013, Hoffmann 2015).

1.3.3.2. Method Energetics Comparison
Thermodynamic and energetic data for nitro-compounds gives an insight on their behavior
undermass spectrometry conditions, e.g., fragmentation pathways, ion-neutral reactions, proton
transfer, electron capture and is presented in Table 1.2. Setting up compound/source specific
parameters in the method is a crucial step in achieving proper ion formation. Since many organic
compounds have low ionization energies (5-15 eV) an electron is easily extracted. The excess
energy is used to fragment or rearrange the structure, therefore by lowering the ionizing energy
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formation of molecular ion is possibly enhanced and less fragmentation will occur (Taylor 2007).
Knowing the ionization potential (IP) of compounds one can predict, if ions will be formed and
estimate on how low, one can set the applied voltage. The nitroaromatic target compounds have
relatively high EA (electron affinities) and are expected to form negative ions in negative
ionization mass spectrometry. These negative ions depicted as molecular ions are generally seen
after running a full-scan for each compound of interest. For some compounds, ionization provides
with protonated/deprotonated ions, also named quasi-molecular (or pseudo-molecular) ions. In
other cases, analytes are detected at higher sensitivity as adducts, after ionic modifiers are added
to the mobile phase. LC-MS/MS uses softer ionization techniques ESI or APCI, where the sprayed
analyte solution is subjected to a “dispersed” electrical field, meaning the distance between the
two electrodes generating the electrical field is larger, as compared to GC/MS.
Adjusting the sprayer voltage and PP might lead to vast sensitivity improvements in ESI LCMS/MS experiments. The cone voltage (known also as declustering potential or orifice voltage)
might be adjusted to reduce cluster (or adduct) formation, adducts which can be detrimental due
to their high stability for fragmentation (www.chromacademy.com). Electron-capture mechanism
is attributed to 1,3-DNB, 1,3,5-TNB, 2,4-DNT and 2,4,6-TNT, due to their positive EA. Formation
of their negative molecular ions in ESI (-) is confirmed by (Holmgren 2005) (Sciex 2006)
(Thurman 2012). Values of gas-phase acidity indicate which analytes will go through proton-anion
dissociation, i.e., 2,4,6-TNT and 2 , 4 - DNT; mostly form deprotonated ion, with molecular ion
in small proportion. The lower ∆Hacidity, the easier proton dissociation is expected. Gas-phase
acidity numbers higher than 400 kcal/mol for some compounds, such as RDX and HMX will likely
not lead to proton-anion dissociation. However, in our ESI(-) experiments, we have proven
otherwise (Table 1.2). RDX, HMX and PETN will be expected to form adducts with the
additives in the MP. Additionally, steric effects can influence the ionization pattern (Holmgren
2005) (Sciex 2006) (Thurman 2012).
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1.3.3.3. Stationary phase selection for chromatography
Selectivity, along with efficiency and retention can have a great impact on improving resolution
of a separation. Choice of stationary phase and mobile phase composition control selectivity,
which is the most powerful term to be adjusted in the resolution equation. Isomers are
indistinguishable in MS, unless coupled with a chromatographic column having a suitable
stationary phase, aim for better separation. Isomers of nitroaromatic compounds exhibit similar
behavior on classical supports of C18 bonded silica and their separation becomes a challenge. In
overcoming these problems, the use of porous graphitic carbon (PGC) column enables a good
separation, allowing retention of very polar compounds and discrimination of geometric isomers.
PGC makes a good substitute for a C18 bonded silica-based column, although desorption of nonpolar compounds from carbon is a difficult task, taking up to 33 min runtime (Tachon 2007). The
group of Rameshgar et al., 2017, have separated DNT isomers on a 5% Biphenyl - 95%
Polydimethylsiloxane in river water samples, with excellent resolution (Rameshgar 2017). Ion
suppression, due to matrix effects is a major concern for eluting analytes (Matuszewski 2003).
Matrix effects are not discussed in this thesis context.

1.3.4. Hyphenated Methods

1.3.4.1. Gas Chromatography Mass Spectrometry
Since NB is known not to be suitable for LC-MS/MS analysis due to its high volatility, GC/MS
methods are rather employed. The graphene coated SPME (solid-phase microextraction) fiber
coupled to HS (headspace) GC/MS yields to low LOD (limit of detection) and high recoveries of
NB in surface water samples (Zhang 2014). Quantification of 2,4,6-TNT and RDX in freshwater
and seawater samples was performed by the aid of NCI (negative chemical ionization) GC/MS
(Sisco 2015). Their method focuses on finding degradation products under harsh environmental
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conditions, such alkalinity and acidity of salt water, UV light exposure or microorganisms’
presence. Moore et al., 2011 developed a training aid simulation set for canine explosive detection.
SPME GC/MS proves a powerful tool for detecting target volatile compounds, although many
inconsistencies were found in the instrumental response (Moore 2011). Other groups have used
GC/MS analysis in conjunction with novel extraction methods for explosives in
environmental waters (Psillakis 2004) (Cortada 2011, Fayazi 2013).
A mixture of NB, 1,3-DNB, 1 , 3 , 5 - TNB, 2 , 4 - DNT, 2 , 4 , 6 - TNT, RDX and HMX had been
subjected to HF-LPME (hollow fiber liquid phase microextraction) coupled to GC/MS
identification in water samples. The method is performant for only four of the seven listed
explosives (Psillakis 2004). Degradation products of 2,4,6-TNT and RDX in saline water with and
without UV exposure had been monitored with the aid of a softer ionization process, namely NCI
GC/MS (Sisco 2015). The drawn conclusion was that salinity did not influence degradation,
whereas in UV light degradation was rapid.
Combining a novel interface MW-CNT (multi-walled carbon nanotubes)/HF-LPME with GC/MS
investigation for 1,3-DNB, 1 , 3 , 5 - TNB, 2 , 4 - DNT and 2 , 4 , 6 - TNT in water samples, high
recoveries were obtained (Fayazi 2013). A fast GC/MS determination and quantification of NB in
laboratory made water samples is given by Li of Agilent Technologies (Li 2010). Other methods
of gas chromatography coupled to diverse detectors are presented in a review work of (Moore
2004) and (Mäkinen 2011).

1.3.4.2. Liquid Chromatography Mass Spectrometry
Nitroamines and nitroesters are preferentially analyzed by LC-MS/MS and not GC/MS, due to
their low vapor pressure and thermal instability. Presence of NB, 1 , 3 , 5 - TNB, 2 , 4 - DNT, 2 , 4 , 6 TNT, HMX, RDX and PETN in London’s wastewater was acquired on an APCI (-) LC-MS/MS
system, and all other compounds being identified, except for NB. This was a first report on a
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general method for trace analysis comprising of multiple classes of explosives: nitroaromatics,
nitroamines, nitroesters and peroxides. The wide applicability of the liquid chromatography high
resolution mass spectrometry method was tested for seventeen compounds, fourteen being
detected at ng to µg/L level, with recoveries from 77 to 124% (Rapp-Wright H. 2017).
Badjagbo et al., 2012 collected all up-to-date mass spectrometric methods applied in combination
to detection of explosives in water samples. ESI and APCI are sensitive techniques, very effective
in studying the nitroaromatic compounds based on adducts. However, impurities present in the
mobile phases contribute to excessive adduct formation, which complicate spectra interpretation.
In addition, intensities of ions may become inconsistent, due to the variable concentration of
impurities in the solution (Badjagbo 2012).
Agilent Technologies had adjusted the EPA Method 8330B, being successful in identifying seven
explosives analyzed by ESI (-)/APCI (-) UHPLC/MS. Only NB was not amenable to any of
the liquid chromatography methods, due to its high vapor pressure. APCI was confirmed to be
more effective for ionization than ESI, as confirmed before (Thurman 2012). Along NB, 2,4,6TNT had been also identified in waste and reservoir waters (Cortada 2011).
An interesting comparison of API (atmospheric pressure ionization) variants is given for NB, 1,3DNB, 1,3,5-TNB, 2,4,6-TNT, 2,4-DNT, HMX, RDX and PETN analysis in samples, other than
water. In the work of Xu et al., 2004 not all compounds were detected with all ionization modes.
HMX has not been detected with APCI (-) LC-MS (no additive added in the MP) and NB, 1,3DNB and 2,4-DNT were not detected with ESI (-) LC-MS (ammonium acetate in MP) (Xu 2004).
Groundwater samples from the vicinity of an ammunition plant in France had been analyzed with
the aid of APCI (-) LC/MS instrument, for determination of 1,3-DNB, 1,3,5-TNB, 2,4,6-TNT, 2,4DNT, HMX, RDX and PETN and other explosives, along with their degradation products. An
internal standard containing deuterium and C13 was added to correct for variations in the response
and matrix effects (Schramm 2015). The importance of isotopic ratio mass spectrometry is
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emphasized by (Benson 2006) and later by other groups. Recently, with the need of more
sophisticated methods in trace level forensic analysis, isotopic dilution becomes essential (Gentile
2015). Negative photoionization coupled to mass spectrometry had been proposed for organic
explosives. Limit of quantitation LOQ for 1,3-DNB, 2,4-DNT, 1,3,5-TNB, 2,4,6-TNT, HMX and
RDX is proven to be lower by two orders of magnitude, as compared to APCI-LC/MS. The method
shows very good reproducibility and high intraday/interday precision (Song 2009). Degradation
products of 2,4,6-TNT and RDX in water samples had been identified using ESI (-) LC/MS, after
analytes were exposed to UV light for several days. Minimal sample preparation was involved
with this analysis. (Sisco 2015). Surface water analysis in ESI LC-MS/MS acquisition method had
detected the nitroesters RDX, HMX and PETN, as acetate adducts and 2,4,6-TNT as a quasimolecular ion. MS/MS optimization is given, including selected MRMs for the above compounds.
The direct injection of samples into the LC-MS/MS system showed no significant difference to
SPE pre-concentration method. Therefore, direct injection is well suitable and less time consuming
for water samples having a cleaner matrix (Ochsenbein U. 2008). In a study published by Cassada
et al., 1999 analyzing well-water adjacent to a US military site, a mixture of methanol/water
chromatography confirmed unsuitable to the formation of molecular or adduct ions in ESI (-).
Many different buffer combinations had been tried; the ammonium formate/IPA produced stable
ion adducts with low ion background. The analyzed nitroaromatics (1,3-DNB, 1,3,5-TNB, 2,4,6TNT and 2,4-DNT) did not give any formate adducts in ESI (-), but high molecular ions sensitivity
was confirmed in APCI (-). Nitroamine compounds were detected as formate adducts, in both ESI
and APCI. Recovery percentages were found to be between 80 and 130% (Cassada 1999).

1.3.4.3. High-resolution mass spectrometry
An original paper, published in 2014 states that DNT isomers are being differentiated by ESIHRMS (high resolution mass spectrometry) and their dissociation pathways are proposed
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(Schwarzenberg 2014).
Nowadays, more and more hybrid instruments are emerging on the market, combining powerful
mass analyzers such as TOF (time-of-flight), Orbitrap and ICR (ion cyclotron resonance), with
either quadrupole or ion-trap. The recent advance in LC QTOF instrumentation holds the same
configuration of a quadrupole mass spectrometer, with the third quadrupole regarded as a drifting
tube. The research group of DeTata et. al. 2013, have used APCI TOF-MS for identification of
NB, 1,3-DNB, 1,3,5-TNB, 2,4,6-TNT, 2,4-DNT, RDX, HMX and PETN and their isomeric forms.
Precursor and product ions are proposed, however, no quantitative data is reported (DeTata 2013).
Although TOF-MS demonstrates fast data acquisition, it has limited resolution, especially for
small molecular masses. As a result, false identification of an analyte is highly probable. On the
other hand, hybrid Orbitrap MS delivers high precision mass assignment (to the four-decimal
place), without losing selectivity and sensitivity. Picogram range LODs for 2,4,6-TNT and PETN
and nanogram range for HMX using DART/MS (direct analysis in real time mass spectrometry)
are evidence of a very sensitive method for explosive analysis (Bridoux 2016). Drift tube ion
mobility coupled to MS (DTIMS) is claimed to be discriminative of home-made explosives from
commercially available explosive and a very sensitive tool to eliminate false positive in the
forensic analysis field (Hagan 2017). Despite their low volatility RDX and PETN were
successfully analyzed by GCxGC TOF/MS in a very short time with a good resolution.
Quantitative aspects were not evaluated (Stefanuto 2015).

1.3.5. Other Methods
1.3.5.1. Liquid Chromatography Ultraviolet Detection
HPLC (high-pressure or high-performance liquid chromatography) coupled to UV/DAD detection
works well in detecting all explosives with a chromophoric group in their structure. The following
explosives NB, 1,3,5-TNB, 2,4,6-TNT, 2,4-DNT, HMX, RDX and PETN were tested with a
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HPLC/UV (DAD) instrument to assess recoveries on SPE (solid phase extraction) (Oasis HLB)
during the purification step (Rapp-Wright H. 2017).
A two column in series (one polar, one non-polar) set-up for nitroamines and nitroaromatic
explosives shows high recoveries and good resolution for the targeted compounds (Waters 1994).
In a paper presented by Reyes-Gallardo et al., 2013, NB, 1,3-DNB and 2,4-DNT are subject to DµSPE (dispersive micro SPE) followed by HPLC/UV analysis, in order to evaluate the extraction
procedure. Absolute recoveries (40-70%) and figures of merit are reported for the determination
of nitroaromatics in creek water samples (Reyes-Gallardo 2013). NB, 1,3-DNB, 1,3,5-TNB, 2,4,6TNT, 2,4-DNT, HMX, RDX and PETN show remarkably high recoveries (80-90%) on Oasis HLB
SPE cartridge, as monitored by HPLC/UV (DeTata 2013). Parham and Saeed assert satisfactory
recoveries for direct analysis of NB and 1,3-DNB in water. Overall, their proposed
extraction/HPLC-UV method seems very simplistic and efficient (Parham 2014). HPLC/UV is
another option for quantification of 2,4,6-TNT and RDX in groundwater samples. Optimization
of MEPS (microextraction by packed sorbent) and analytical method validation has been carried
out, indicating yields higher than 81% and LODs, LOQs in satisfactory ranges (Bansal 2012)
(Moein 2015). A new procedure for online enrichment of 1,3,5-TNB, 2,4,6-TNT, RDX and HMX
in lake water samples was published by Sun et al., 2011. Analytes were not detected in lake water
and for the method validation, spiked controls were used (Sun 2011). SPE and SPME HPLC/UV
have been compared when analyzing groundwater samples from a military site in Massachusetts
proving higher detection limits for SPME, nonetheless lower precision and accuracy. Aside, SPME
introduces a shorter analysis time as compared to SPE (Monteil-Rivera 2004). A likewise
comparison, also including an EPA method is given by (Babaee 2010) among all their proposed
method showing lower LODs and good recoveries.
Direct infusion of 2,4,6-TNT, 2,4-DNT, HMX, RDX and PETN into an ion trap mass
spectrometer, provides a fast confirmation of the compounds and a guideline of possible
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fragmentation/adduction under ESI and APCI conditions (Park 2013).

2. Description of experiments and setup

2.1. Instrumentation
A Shimadzu Prominence LC coupled to AB Sciex QTRAP 4000 instrument, equipped with
ESI ionization source and a Shimadzu 8050 LC/MS, equipped with ESI, APCI and DUIS
ionization sources had been used in all studies.
Both instruments used their QqQ (triple quadrupole) capability and assumed to deliver the same
low level of detection, through the applicability of the MRM feature. The optimization was
performed in the full-scan mode for all experiments. Finally, the two instruments used were
juxtaposed to assess transferability of the analytical method (Chapter 4.). The mechanism of the
ionization/evaporation process is graphically depicted in Figure 2.1.

Figure 2.1. Ionization and solvent evaporation mechanics (Banerjee 2012)

Figure 2.1. Ionization and solvent evaporation mechanism (Banerjee 2012)

All the processes taking place inside the ionization chamber can be regarded as redox reactions
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with the solvent molecules present (Table 2.3.).

Table 2.1. Redox reactions inside the ionization chamber (Banerjee 2012)

2.1.1. Shimadzu 8050 LC/MS
This instrument is a triple quadrupole symbolized as QqQ or QQQ, comprising of two mass filters
Q1/Q3 and a collision cell symbolized q or Q2. Each of the mass filters contains four metallic rods,
wherefore the name of quadrupole. Q1 and Q3 are subjected to a direct current DC and
radio frequency RF potentials. The collision cell q is subjected to RF only. Shimadzu 8050
LC/MS features a dual ionization source, which combines functionality of the ESI on analyzing
more polar compounds, with the APCI on analyzing less polar compounds. Optimization of the
three ionizations sources with our target compounds mixture, has been performed and compared.
A technical diagram is presented in Figure 2.2.
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Figure 2.2. Shimadzu LC/MS 8050 technical diagram (www.shimadzu.com)

2.1.1.1. Explanation of mass spec parameters: source-related
The source-related parameters are flow dependent. LC eluent is passed through a controlled heated
probe (block), having an operating range of 0 to 500 °C, for the ESI and DUIS units and 0 to 300
°C, for the APCI unit. The heated probe is used to help desolvation of the droplets formed in the
ion source. Other manufacturers refer to it, as nebulizing capillary. In ESI and DUIS the nebulizer
has the role of transforming the eluent into a fine charged mist (under voltage), which exits the
heated block and enters the wall-less ionization chamber, and functions under a high interface
voltage. The interface (comprising of sampling cone, heated block and desolvation line) voltage
needs to be optimized, since it affects sensitivity. Operating range for the probe voltage ranges
from -5 kV to +5 kV for ESI and DUIS.
In contrast, the APCI source does not have a heated probe under voltage, but a corona needle
operating under voltage (-5 to +5 kV) and situated outside of the heated block, in the wall-less
ionization chamber.
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When DUIS is operating, corona needle is activated as well. The nebulizing gas assists in droplet
formation. Maximum flow rate for the nebulizing gas is 3.0 L/min for ESI and 4.4 L/min for APCI
and DUIS. The drying gas is an auxiliary parameter to aid in solvent evaporation. Maximum flow
rate of drying and heating gas is 20 L/min.
The desolvation line (DL) serves as an inlet to the mass spectrometer and delivers many ions into
the mass analyzer. It operates under a maximum temperature of 300 °C. The DL line temperature
is another parameter crucial to be optimized. Ions generated under atmospheric pressure are
focused and introduced into the mass analyzer, by the optics system.
Optical components of the mass analyzer are: QArray, skimmer and multipoles. The QArray ion
guides are under high frequency and at low vacuum and their role is to maintain a stable trajectory
of the ions entering through the skimmer at higher vacuum, into the mass analyzer.
Q1/Q3 voltages are automatically set to either a fixed or variable voltage, depending on what one
wants to achieve: product or precursor ion, neutral loss or MRM. In tandem, the position of the
capillary (or PP) relative to the ion sampling orifice (or skimmer orifice) is of great importance.
Orthogonal design of the sprayer inside the ion box tolerates higher flow rates and reduces the
downtime of the source (www.chromacademy.com). The horizontal position should be slightly to
either side of the orifice and far enough not to produce arcing (electric discharge at the capillary
tip). The vertical position depends on the flow rate; for low flow rates use position closer to the
orifice and vice-versa. Maximum flow rate for ESI and APCI is 2 mL/min, whereas for DUIS is 1
mL/min. In this instrument resolution settings for the quadrupoles are set independently of one
another, e.g., Q1@ Low, Unit or High or Q3@ Low, Unit or High. Details of the resolution settings
are explained elsewhere, in this thesis.
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2.1.1.2. Explanation of mass spec parameters: compound-related
There are two possible ways to optimize the compound-related parameters: by direct infusion (DI)
into the mass spectrometer, with the aid of a syringe pump and by flow injection analysis (FIA),
when the analyte is being introduced with the LC flow, using a void column (not filled a with
stationary phase). Analyte separation is not required, at the infusion step. Typical flow rate for DI
is 10 µL/min and for FIA the typical flow rate is 0.5 mL/min. Parameters to be optimized, either
automatically or manually by the operator are: a) CE, which is the energy applied to fragment a
molecule b) Q1/Q3 pre-rods voltages.

2.1.2. AB Sciex QTrap 4000
This instrument is composed of an LC part made by Shimadzu Corporation and a mass
spectrometer, belonging to AB Sciex. The mass analyzer region of a QTrap system is based on
the conventional ion path of a QqQ mass spectrometer. However, in contrast to conventional QqQ
systems, the third quadrupole (Q3) of a QTrap system, can also be operated as a linear trap. The
trap captures and collects the ions, until they are being released all at once (after a set fill time),
resulting in an increase in sensitivity.

Figure 2.3. Shimadzu Prominence LC coupled to AB Sciex QTrap 4000 MS technical diagram
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2.1.2.1. Explanation of mass spec parameters: source-related
The two instruments share some common parameters to be optimized: Q1/Q3 resolution, PP,
nebulizing gas GS1 and sheath gas GS2 flows (heating gas is not present in the AB Sciex
instrument). Operating range for GS1 and GS2 is 0 to 90 psi. Heat block temperature and
desolvation temperature are features not available for this instrument. Instead, the curtain gas
delivers the same function, as the DL in Shimadzu: aids in the solvent evaporation. Its operating
range is 10 - 55 psi. Collision assisted/activated dissociation CAD or collision gas pressure,
controls the nitrogen gas in the collision cell. Parent ions collide with gas molecules and
fragmentation occurs. CAD operating range is from 0 to 12 psi. APCI source has not been used for
experiments with AB Sciex 4000 instrument.
2.1.2.2. Explanation of mass spec parameters: compound-related
The compound-related parameters are not flow dependent. They can be optimized by infusion
experiments (no need for FIA). Declustering potential (DP) is used to minimize the solvent
molecules attached to the analyte ions. Its operational range is 0-400 V. DP is automatically
selected during infusion experiments in the MS QTrap 4000. Entrance potential (EP) focuses ions
into the Q1. A pre-set value is normally used for this parameter. Its range is from 1 - 15 V. Collision
energy CE is the energy received by the ions to enter the collision cell. This parameter is
automatically optimized by the instrument software and its operational range is from 5 - 130
V. Collision exit potential CXP is used to accelerate ions out of the collision cell. This parameter
is automatically optimized during infusion experiments. Its operational range is 0 - 55 V. Dwell
time (DT) is the time the instrument spends on each transition. Collision cell voltage setting
decides the extent of fragmentation (if high, more fragments will form). Q1 and Q3 voltages are
automatically set to either fixed or variable, depending on what one wants to achieve: product or
precursor scan, neutral loss or MRM.
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2.2. Mass spectrometer optimization and infusion experiments
All compounds were analyzed using infusion ESI negative and positive ionization. Infusion is the
continuous flow of the sample, at low flow rates into the ion source using a syringe pump. During
the infusion optimization process, the software selects precursor/product ions and optimizes for
declustering potential (DP), collision energy (CE) and collision cell exit potential (CXP).
The guidelines below pertain to only AB Sciex QTrap 4000 series instruments, although some
similarities with other mass spectrometric instruments exist.
a)

First step is to optimize the PP (or sprayer position), relative to the interface orifice.

Horizontal and vertical distance are adjusted in such way to generate a stable spray, concomitantly
with obtaining the highest sensitivity of the mixture being analyzed.
b)

The IS (ionspray or nozzle) voltage may display large changes in direct infusion

experiments, as opposed to FIA (Oxenford). One must decide what type of infusion is more
suitable for their analysis.
c)

IS is to be optimized in increments of 500 V.

d) GS1 shows no influence in increasing sensitivity for infusion; moreover, increasing gas
pressure more than 20 psi, a decrease in sensitivity is noticed (Oxenford). GS1 and GS2 are
adjusted in increments of 5 to obtain the best signal-to-noise ratio.
e) TEM (temperature) of the heated probe must be appropriately chosen for the MP and flow
used: the higher the flow and the higher the aqueous fraction of the MP, the higher TEM should
be. With 100% methanol or acetonitrile the probe may optimize, as low as 300 °C. Aqueous
solvents with 100% water require a maximum probe temperature of 750 °C. Optimize in
increments of 50 °C.
f)

The CUR (curtain) gas (nitrogen) should be set as high as possible, without losing
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sensitivity.
g) For CAD (collision assisted dissociation) gas, a medium pressure of 4-6 is recommended.
h) Interface heater (ihe) should be kept off, if the compounds analyzed are thermally labile. Are
to be kept on only for avoiding contamination of the source.
i)

A DP (declustering potential) value of 100 V (max is 400) is recommended, to avoid

fragmentation of the compounds in the source.
j)

A pre-set value of 10V for EP (entrance potential) is to be chosen.

k) The CE (collision energy) should be set to low values, to avoid increased fragmentation of
the parent ion. The more energy supplied; the higher number of fragments obtained.
l) Values of DT (dwell time) higher than 50 ms are not desirable, extending the total MRM scan
time.
The obtained optimized values are further used, together with a tailored chromatographic
separation to ensure highest sensitivity possible for the method chosen. Mobile phase choice does
influence fragmentation pattern, additives are employed only for sensitivity enhancement.

2.3. Chromatographic experiments

Salt additives can crystallize inside the instrument diminishing the intensity of signals, a
phenomenon known in mass spectrometry as ion suppression. The pH value for the basic mobile
phase was adjusted with ammonium hydroxide. Resolution of Q1/Q3 was varied, along with PP,
DT and fine tuning of the source-related parameters was performed. Final resolution setting is set
to Unit/Open, with PP set to 10 mm (vertical) : 5 mm (horizontal). The two chromatographic
columns, available at the time when studies were conducted, were RP Phenomenex 3 µm and 5
µm Ultra C18, 100 x 3.0 mm.
For the 5 µm column, chromatographic separation was achieved by selecting the same MRMs, as
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for 3 µm column and the same source/compound related parameters.
Column 3 µm:
Flow rate was set to 0.6 ml/min, injection volume to 10 µl and oven temperature was kept at 40
°C. DT was set to 50 ms. Solvent system selected:
MP A = MeOH
MP B = H2O : IPA (4:1) + 0.1% HAc
Different elution programs have been tried and the best obtained peak separation, in the shortest
runtime is listed below:
Runtime
[min]

MP B (%)

0.1

40

3.0

45

6.0

50

10.0

100

11.0

40

Column 5 µm:
Flow rate was set to 0.6 ml/min, injection volume to 10 ul and oven temperature was kept at 40
°C. DT was set to 100 ms. Solvent system selected is:
MP A = MeOH
MP B = H2O : IPA (4:1)] + 0.1% HAc
Different elution programs have been tried and the best obtained peak separation, in the
shortest runtime is listed below:
Runtime

MP B (%)

[min]
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0.1

55

5.0

60

10.0

80

15.0

100

20.0

55

2.4. Experimental considerations on sample preparation

Knowledge about sample and analyte type, matrix of provenience, amount of sample available,
previous existence of analytical methods or the need to develop new ones, instrumentation,
materials available, etc. are among important factors to be evaluated prior to planning an analysis
(Moldoveanu 2019). Nowadays, as groups are switching towards greener and cheaper methods,
improved sample preparation approaches are essential (Stoney 2015). Our research does not focus
on sample analysis; the guidelines provided are presented for further attempted research in the
field.

2.4.1. Sample collection and preservation
Trace evidence of explosives in environmental samples such as, soil, sediment, air, water, dust,
melted snow (Geological Survey 2016) has become an intensely researched topic. Collection of
samples from the contaminated sites, such as military establishments, practice ranges, ammunition
plants, dumping areas and burials, demolition zones, snow avalanche control areas, etc. must
follow well-established guidelines (EPA 1999). The guidelines must emphasize on conservation
of sample’s chemical, physical, biological attributes and be processed with minimal contamination
( Geological Survey 2015) . Solutions that contain trace level quantities of organic explosives
must be kept in silanized glass containers, at below 4 °C, in absence of light. Water effluent
sample should be acidified to pH 3.5 and 10% acetonitrile added. Some of the compounds such as
2,4-DNT will be retained by plastic containers and not determined when analyzed with 2,4,6-TNT,
RDX and HMX (Lloyd 1992). A useful approach for surface and ground water sampling is given
by (Namiesnik 2015). Passive sampling is a novel method of analyte enrichment from
environmental water, presenting many advantages over the already established sampling
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procedures: larger volumes, rapid collection, reduced field sampling variability, ease of handling,
etc. The sampler coating polymer can be tailored to selectively concentrate 2,4,6-TNT and RDX
from marine systems (Warren 2017).

2.4.2. Preliminary processing
Schramm et al., 2016 developed an LC/MS method for 1,3-DNB, 1 , 3 , 5 - TNB, 2 , 4 - DNT,
2 , 4 , 6 - TNT, HMX, RDX and PETN analysis in ground water samples from a military site, without
a pre-concentration step. Samples were filtrated through syringe filters and placed directly into the
autosampler (Schramm 2015, Schramm 2016). Mu et al., 2012 and Vigneau et al., 2008 followed
the same approach of filtration using a 0.22 µm nylon membrane, with direct injection into the
LC/MS system (Vigneau O. 2008) (Mu 2012). Similarly, other groups have opted for minimal
sample preparation, in quantifying 2,4,6-TNT and RDX present in water samples. Analytes are
extracted with an organic solvent, which then is separated from aqueous phase and injected directly
into the chromatographic system. Other preliminary processing steps include centrifugation,
solvent exchange, desalting, evaporation, freeze drying, evaporation, distillation, microdialysis,
sieving and grinding (for solid samples) (Majors 2013).

2.4.3. Sampling locations
Water samples can be collected from selected sites cited in the following references:
1. EPA lists Fort Drum of NY as a heavily contaminated facility:
- the potential for chemicals in the Old Sanitary Landfill to leach to surface water
- the potential for chemicals in the surface water and groundwater to migrate to both the
Indian River and Black River located in the northeast and southeast portions of the facility
- the chemicals of concern in the non-aqueous phase liquid (free liquid) to discharge to
surface water and groundwater (EPA 2007)
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Other possible sites of toxic explosives wastes are present in Long Island area of NY, as published
by Newsday (http://data.newsday.com).
Mitchel Field, Hempstead, Nassau in NY have a history of military use dating to Revolutionary
War. Similarly, in World War II sites were used for training. Hazardous and toxic wastes and
ordnance could be present. Currently the sites are occupied by Hofstra University, Nassau
Community College, Nassau Coliseum and Mitchel Sports Complex.
1. U.S Navy Training Device Center, Sands Point, Long Island, NY- surface water of
Bayview Creek: Navy used this site as a training, research and testing area. Hazardous
and toxic wastes and ordnances could be present. Most of site is part of Sands Point
Preserve.
2. Sands Point, Long Island, NY- wells surface water possibly contaminated from military
operations at U.S. Navy Training Device Center Camp Hero, Montauk, Suffolk, NY: site
was part of harbor defense program and included three-gun batteries, barracks, hospital,
sewage treatment plant and other buildings. Hazardous buildings are present, and
hazardous and toxic waste, aside ordnance could be present. Hazardous, toxic and
radioactive waste investigation was approved by Army Corps, but not funded.
3. Fort H. G. Wright, Fishers Island, Suffolk, NY: site used for harbor defense. No
environmental or public health hazards have been identified, but the property is
expected to contain military munitions and explosives of concern.
4. Montauk Naval Submarine Base and Torpedo Test Range, Suffolk, NY used by Navy as
submarine port, maintenance facility and torpedo test range. Ordnance could be present,
and area is known to or suspected to contain military munitions and explosives of concern.
Site is currently a marine biology research center.
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There are additional sites, where explosives contamination might exist: Fort Hamilton is the
only active-duty military installation in New York City; West Point, NY is America’s oldest
military base and continuously populated.
Collection of the samples from the active military facilities would require special arrangements
and permissions for entering their premises. The Federal Facilities Forum, FFF is a group of the
U.S. Environmental Protection Agency, who represents the regional EPA offices, and their
members are committed to identify and resolve issues, related to ground water and surface water
contamination with explosives and propellent compounds. The organization, in collaboration with
the Office of Solid Waste and Emergency response, has published an issue paper which provides
guidance on selecting representative samples and analytical methods to characterize these samples
(Forum 2012). The contaminants concentration ranges in wells listed by FFF are as follow: TNT
306 ppb, RDX 1195 ppb, 2,4-DNT 1788 ppb and HMX 523 ppb. For the other contaminants
subjects of our analysis, levels are not reported (Forum 2015).
Our selection of the target analytes is based on published reports from EPA and FFF.

2.4.4. Sample extraction proposed methods
There are numerous reported approaches of explosives extraction from different matrices.
Liquid sample extraction categories fall into:

A. Simple, fast and less costly methods
1. Filtration and direct injection of water samples is a common and simple practice
(Schramm 2015) (Mu 2012) (Larki 2015) (Sisco 2015)
2. Elution of analytes of interest through an SPE device is employed mostly for complex
matrices (Sciex 2006) (Ochsenbein 2008) (Thurman 2012) (Rapp-Wright H. 2017)
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3. Pipet tip filled with sorbent picks up in interest, because of the minimal usage of solvent and
high enrichment factors (Guan 2014) (Montesano 2016)
4. Stir-bar coated with PDMS (polydimethylsiloxane) (Schramm 2016)
5. Carbon based extraction using anthracite (Parham 2014), graphene and activated carbons have
been used in many studies; Supleco has a large variety of SPE cartridges containing spherical
carbon particles for extracting highly polar compounds from aqueous samples
6. Cloud point extraction implies addition of a surfactant to the sample (Babaee 2010) (Gaurav
2008)

B. Complex, time consuming and expensive methods
1. Poly Vinyl Alcohol (PVA) modified porous graphitic carbon (Hou 2016)
2. Graphene oxide functionalized interface (Ray 2017)
3. Electrospun Polyethylene Terephthalate Graphene Oxide (Sereshti 2017)
4. Molecularly Imprinted bare silica SPME fiber (Lordel 2011)
5. Cloud point extraction using hyperbranched surfactants (Bertels 2014)
6. Pipet tip electrospun nanofibers (Tavengwa 2016)
7. Micro-SPE hybrid magnetic nanoparticles (Reyes-Gallardo 2013)
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3.

Analytical Method Development

3.1. Resonance structures of explosives, pre-molecular, quasi-molecular ion and possible
fragmentation patterns

3.1.1. General trend in ionization and fragmentation reactions
Amongst all the articles collected for this dissertation, not even one mentions the use of Q1/Q3
resolution (resolving power) feature, available with the mass spectrometer instruments. Formation
of some “peculiar” precursor ions, while acquiring infusion data using all resolution combinations,
prompted us to investigate in more depth the mechanistic aspects, and logically interpret the results
obtained.
In published papers, research groups describe ESI(-) as a general method to ionize and analyze
nitroaromatics, nitroamines and nitroesters through their adducts (Schramm 2015) (Mathis 2005).
Our method shows the nitroaromatics, nitroamines and nitroesters being amenable through their
molecular ions, quasi-molecular ions also known as protonated/deprotonated ions (obtained MRM
sensitivities of 106) and not only through their adducts. Schramm’s group, 2015 further claims that
ESI (-) is not as efficient for the nitroaromatics compounds, however, our data shows intensities
of the MRM peaks at values of 104 - 106 cps (Schramm 2015). Positive ionization data will not
be presented in this thesis, as being decided insignificant.
ESI normally occurs in the liquid phase, whilst there are other activities taking place, when the
ion formed in the solution leaves the electrospray droplet and moves into the gaseous phase. Liquid
phase to gas phase transfer of analytes is described by the following complex models, which will
not be discussed in detail in this thesis (Kiontke 2016):
- ion evaporation model, valid for small ions
- charge residue model for large ions
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Studying more carefully the ESI droplet, Iribarne et al., 1983 hypothesized that the analyte
response in ESI is directly related to the distribution of analyte molecules on the solvent droplet
surface, which in turn will increase or lower the evaporation rate. It has also been observed that
the higher the solvation of an analyte, the lower its ESI response (Iribarne 1983). Therefore, we
will find many factors, which could influence the response of an analyte in ESI:
a.

polarity and volatility

b. surface tension
c. gas phase acidity/basicity
d. log Kow
e. solvent surface area and pH
f. instrument hardware configuration
Thus, in our research with a mixture of eight analytes we expect to meet many competitive
processes, which would make the ionization challenging to interpret. Few theories of ESI are
generally accepted and promoted by diverse research groups: (Table 3.1).
1. acid-base approach (protonation and deprotonation)
2. “wrong-way” ionization (a pseudo acid-base theory)
3. gas-phase acidity (formation of substituted phenide ions)
4. self-chemical ionization (or hydride Meisenheimer complex formation)

Table 3.1. Approaches to ionization mechanisms interpretation
Approach
Acid-base (normal
way)

Polarity

negative

Reaction

[M-H]

Solvent
Basic (proton
abstractor)

-
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Notation

a

Reference
(Xu
2004)(Hicks
2009)(Song
2007)

Acid-base (normal
way)

+

Acidic (proton
supplier)

positive

[M+H]

b

Pseudo acid-base
(wrong way)

negative

[M-H]

-

Acidic (proton
supplier)

c

+

Basic (proton
abstractor)

d

Acidic (proton
supplier)

e

Acidic (proton
supplier)

f

Pseudo acid-base
(wrong way)

positive

[M+H]

Phenide

negative

[M]

Hydride or selfchemical ionization

negative

[M+H]

-

-

(Xu
2004)(Hicks
2009)(Song
2007)
(Zhou 2000)
(Schug 2011)
(Zhou 2000)
(Schug
2011)(Thurman
2018)
(Bienkowsky
2004))(Schmidt
2006)
(Yinon 1995)
(Vorbeck 1994)

1. Acid-base traditional concepts (Table 3.1., Notation a, b) are well-known as Bronsted-Lowry
and Lewis theories. A Bronsted-Lowry acid is a chemical species capable of donating a proton to
a base, forming a conjugate acid-base pair. A Lewis acid is a chemical species that contains an
empty orbital, which can accept an electron pair from a Lewis base, forming a Lewis adduct.
Since our studies were conducted at negative polarity, in an acidic medium (where majority of
the analytes responded better), this type of “normal-way” acid-base approach is not applicable.
The explanation lies in the “wrong-way” ionization concept, which is described further.
2. The “wrong-way ionization” (Table 3.1., Notation c, d) is assumed to explain why some acidic
molecules in a basic medium or basic molecules in acidic medium, do not follow the rule of
deprotonation and protonation, respectively. We normally expect for a compound to give up a
proton in MS negative polarity, in presence of a basic solvent, which is considered a proton
abstractor (Zhou 2000) (Schug 2011). There are instances when the reverse takes place: a compound
gives up a proton in MS negative polarity in presence of an acidic solvent, which is a proton
supplier. Six out of eight of our target analytes NB, 1,3-DNB, 1,3,5-TNB, RDX, HMX and PETN,
undergo this type of ionization (Table 3.2.) (Zhou 2000) (Schug 2011). The positive polarity mode
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shows a similar trend of “wrong-way” ionization, which will not be described in detail.
3. The “self-chemical ionization” or “hydride complex formation” approach is an old concept,
brought about by the work of Yinon et al., in 1995 and probably overlooked, by most of mass
spectroscopists. This process is in fact an addition of H- and loss of H+ in acidic medium, at
negative polarity (Table 3.1., Notation f) and is being noticed for all our seven compounds,
except for 1,3,5-TNB (Table 3.2.) (Yinon 1995).

Table 3.2. Collection of precursor ions in MP acidic, all Q1/Q3 resolution combinations

Precursor ion
Analyte
Positive mode

Negative mode

122, 123, 124

120, 121, 122, 124

167, 168

167, 168, 169

1,3,5-TNB (Mm = 213 g/mol)

213

212, 213

2,4,6-TNT (Mm = 227 g/mol)

226, 227, 228

227, 228

181, 182

182

RDX (Mm = 222 g/mol)

221, 222, 223

221, 222, 223

HMX (Mm = 296 g/mol)

295, 297

295, 296, 297

PETN (Mm = 316 g/mol)

315, 317

315, 316, 317

NB (Mm = 123 g/mol)
1,3-DNB (Mm = 168 g/mol)

2,4-DNT (Mm = 182 g/mol)

4. Formation of the quasi-molecular ions (Table 3.1., Notation e) follows the substituted phenide
ions path, proposed by (Bienkowski 2004) (Schmidt 2006). Their approach is looking at the formation
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of substituted benzoate ions inside the ionization chamber (at atmospheric pressure), followed by
CO2 elimination, to yield a phenide anion (Figure 3.1.). Formation of phenide ions has been
confirmed in three mass spectrometers used by (Bienkowski 2004) (Schmidt 2006) and has been
hypothesized as well, in our work. Phenide ions formation mechanism will be discussed in more
detail pertaining each analyte, in the subsequent sub-chapters. An example of nitro-phenide anion
formation is given in Figure 3.1.

Figure 3.1. Mechanism of phenide anion formation adapted from (Danikiewicz 2004)

The substituted benzoate anions are being generated from substituted benzoic acids, which in
turn can be obtained by oxidation/denitration in gas-phase of substituted toluene (e.g., 2,4-DNT or
2,4,6-TNT) present in the mixture (Figure 3.2.).

Figure 3.2. 2,4-DNT oxidation/denitration to nitro/dinitro benzoic acids (Zhou 2017)
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We will further attempt to explain our findings in terms of the reaction mechanisms applicable to
each of our analytes (Chapters 3.1.3. - 3.1.10.).

3.1.2. Infusion theory and fragment assignment

Infusion in negative polarity
The precursor ions were automatically selected by the instrument and verified by visual inspection
of the peaks. Fragmentation process is automatically performed by the software, yet this can be
handled by working out the theoretical fragmentation pattern, the latter being tedious to be
accomplished. A good fragmentation modeling software is available on the internet, under the
name of CFM-ID 3.0 (Wishart). This requires the use of International Chemical Identifier = InChI,
which is a standard notation for a chemical substance and aides in the search for information, on
the web databases. InChIs are generated on the (PubChem), as the structure is drawn. The mass
spectra of numerous organic compounds and the fragmentation patterns closely resemble their
thermal decomposition routes. A useful insight on thermal decomposition of the nitroaromatic
explosives is given by two researchers of Delaware University (Directorate 1993). There are many
mechanistic pathways leading to the fragmentation of the molecules which will not all be described
in this thesis (Egsgaard 2009). Initial solvent options for infusion injection were MP = ACN and
MP = MeOH, without additives. In comparing the response of the analytes in the two solvent
systems, methanol shows a better response than acetonitrile (Figure 3.35.). Moreover, methanol
with additives shows a better response than neat methanol (Figure 3.36.). During the initial
studies, infusion optimization at different Q1/Q3 resolution settings was performed in acetonitrile,
without additives. We generally observed a low dependency on the MP used, in the
fragmentation pattern. In contrast, chromatographic optimization is dependent on the solvent
system used and was performed in MP = [MeOH : (H2O : IPA 4:1) 1:1] + 0.1% HAc, solvent
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system to give the best sensitivity devising a compromise for all eight analytes. All collected
infusion transitions (fragmentation of a parent ion to yield daughter ions) in the MP chosen, were
tested in chromatographic runs. Among those, only some gave good chromatographic data and
were selected for further hyphenated method optimization (mass spectrometry and
chromatographic separation). Assignment of all fragments encountered during this study is
-

gathered in Table 3.3. Our studies in negative polarity show a fragment of m/z 62 (NO3 )
consistently appearing with 1,3-DNB, 1,3,5-TNB, 2,4,6-TNT and PETN, and a fragment of m/z
63 consistently appearing with 1,3-DNB, 1,3,5-TNB and 2,4-DNT. The first fragment is
commonly seen in reports by (Reich 2001, Gapeev 2003). The latter fragment makes a good
diagnostic for benzene ring compounds (Wake). A loss yielding to a fragment with m/z 46 (loss
of nitro group) is characteristic for each of the nitro-compounds studied by us and regularly
identified by other groups (Holmgren 2005, Sciex 2006, Song 2007, Hicks 2009, Thurman 2012,
Schramm 2015). Our study finds that the consistently appearing fragment with m/z 46 is not
exhibiting the highest peak intensity (as it would be expected) for the following compounds: NB,
1,3-DNB, 1,3,5-TNB, 2,4,6-TNT, HMX and PETN. Consequently, fragment with m/z 46, lacking
sensitivity has not been selected in the chromatography runs (see Abstract). Fragment with m/z
46 was only selected for RDX, as showing a single valuable MRM for that compound. Fragments
arising from all compounds and having m/z identical to the molecular mass of any of the analytes,
were excluded as isobars or isomers.

Infusion in positive polarity
Comparison of negative and positive polarity response generated to the conclusion that, for the
general method sought by us, the negative mode is preferred (Figure 3.32. and 3.39.) and positive
polarity has not been pursued any further. Table 3.3. presents all possible fragments forming
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during infusion studies in negative polarity.

Table 3.3. Fragment ions and neutral species assignment for target compounds, in all MPs,
all Q1/Q3 resolution combinations, negative polarity

m/z

ID

Compound

References*

15

CH3

16

O

RDX

(Wake)

17

OH

NB

(Wake) (Wishart)

18

H2O

26

CN

HMX

(Reich 2001)

28

C2H4
CO
N2
CH2N

TNB

(Wake , Brill 1993)

30

NO

TNT

(Reich 2001, Holmgren 2005)

31

CH2OH
CH3O (methoxy)
NO+H

1,3-DNB

(Wake)

32

O2

1,3-DNB

(Wake)

34

CH3OH+2H

1,3-DNB

(Tong 1999, Thurman 2012)

40

C3H4

TNT

(NIST , Wake)

41

C3H5
CH2CN+H**
C3H6

NB
TNT

(Wake , Tong 1999, Thurman 2012)

43

NO+CH
OH+CHCH

TNT

(Reich 2001)

44

CO=NH2
CO2
NO+CH2
N2O

NB
HMX

(Li 2010)
(Chakraborty 2001)

45

CH3CHOH
NO2-H
CH2CH2OH
NO+CH3
CH3NO

1,3-DNB

(Wake) (Wishart)

(Wake)

(Song 2007, Badjagbo 2012) (Reich 2001)

TNT
DNT

(Chakraborty 2000)
RDX
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46

NO2 (nitric dioxide)

all
DNT

(Song 2007) (Brill 1993, Hicks 2009)
(Badjagbo 2012, Schramm 2015) (Holmgren
2005) (Reich 2001, Thurman 2012)

RDX

(Thurman 2012) (Behrens 2006)
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NO+OH
NO2+H

TNB
TNT
RDX

(Reich 2001)
(Reich 2001, Wu 2002)
(Reich 2001, Wu 2002)

50
51

C4H2*
C4H3*

TNB
NB
TNB

(Wake)
(Wake)
(Wishart)

57

CH3-CO-CH2

RDX

(Song 2007)

58

(CH3)2C=O

DNT

(Reynolds 2018)

59

NNO2-H
C3H7O (propoxy)
C2H5NO
NNO2
C3H9N

NB
RDX

(Xu 2004) (Wishart)
(Thurman 2012)
(Badjagbo 2012)

60

2NO
NO dimer
CO3
NNO2

TNT
HMX
RDX

(Reich 2001, Song 2007)
(Postler 2020)
(Reich 2001)

61

HCO3
N2HO2

NB
PETN

(Song 2007)
(Beller 2002)

62

NO3
CH3NO2
NH2NO2

NB

(Wishart)
(Gapeev 2003)
(Gapeev 2003)
(Gapeev 2003)
(Reich 2001)

63†

1,3-DNB
TNB
TNT
PETN

C5H3
NO3+H

1,3-DNB
TNB

(Wake)
(Reich 2001)

64

NO+2OH
ACN+Na

NB

(Reich 2001) (Tong 1999)

65†

C5H5

NB

(Wake) (Wishart , Reich 2001)

66

NO+2H2O

(Reich 2001)

67

C5H7

NB
DNT
NB
HMX

1,3-DNB
68

C4H4O
NO2+H2O+2H
C2N2O

NB
DNT

(Reich 2001) (Wishart)
(Reich 2001)
(Reich 2001)
(Reich 2001) (NIST , Reynolds 2018)
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69

C5H9

TNB

(Wake)

73

HCO4

TNB
RDX
HMX

(Song 2007)

74

CH2N(NO2)

RDX
HMX

(Badjagbo 2012)
(Reich 2001)

75

2NO+CH3
C2H5OC=O+2H**
C2H5COO+2H**

TNT

(Reich 2001)

76

NO2+NO

TNB

(Reich 2001)

77

C6H5*
NO2+OH+CH2

NB

(Wake)
(Li 2010)

1,3-DNB

(Song 2007)

,

78

C6H5+H* **

TNB

(Wake)

79

C6H7
C6H5+2H*, **

NB
HMX

(Li 2010)
(Wake) (Chakraborty 2001)

80

Multiple ions

DNT

(Wake) (http://www.colby.edu 1997)

81

Multiple ions or C6H9

TNB
HMX

(Wake)
(http://www.colby.edu 1997)

82

C3H4N3

1,3-DNB

(Badjagbo 2012)
(Badjagbo 2012)
(Postler 2020)
(Tong 1999)

RDX
HMX
83

2ACN+H

85

N2O(OCH)CH(CH2CHO)

TNT

(Song 2007, Badjagbo 2012)
(Gapeev 2003)

86

C2H4N3O
C3H7-CO-CH2+H**
C3N2O2H2

TNB

(Badjagbo 2012)
(Wake)
(Reynolds 2018)

88

CH2-COOC2H5+H**
NCH2N(NO2)

DNT
HMX

(Wake)
(Reich 2001)

89

H2CO+CH3CO2

RDX

(Gapeev 2003)

91

CH3CH2

HMX

(Reich 2001)

92

2NO2

TNT
RDX

(Reich 2001)
(Reich 2001)

93

C6H5O

NB

(Wake) (Song 2007)
(Postler 2020)

HN2O4

RDX

C6H5O+H

NB
TNB
DNB
DNT
TNT

94

C6H8N

(Wake)
(Wishart)
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95

C6H5OH+H?

NB

(Thurman 2012)

1,3-DNB
TNB
HMX
97

C7H13

HMX

(Wake)

99†

Homologs of 71 (C5H11, C3H7C=O)
and 85 (C6H13, C4H9C=O)

TNT
DNT
TNT

(http://www.colby.edu 1997)
(Wake)

101

NCH2N(NO2)CH

HMX
DNT

(Reich 2001)
(Wake)

102

C2H4N3O2

HMX

(Postler 2020)

103

Homologs of 75 and 89

106

NCH2N(NO2)+H2O

HMX

107

C6H5-CH2O
Loss of 15
Loss of 74 or 75

NB

(Wake)
(Reich 2001)

DNT

(Campbell 2003)

108

C6H5-CH2O+H**
Loss of 74 or 75

1,3-DNB

(Song 2007, Thurman 2012)

113
114

Multiple ions; loss of 68 or 69
C3N3O2H3

DNT
HMX

(Wake)
(Reynolds 2018)

115

Multiple ions

TNB

(http://www.colby.edu 1997)

C6N2(OH) 3

TNT

(Reynolds 2018)

120

C4N4O
OC6H4CO+

1,3-DNB

123

2NO2+NO+H

RDX

(Reynolds 2018)
(Li 2010)
(Reich 2001)

124

Multiple ions; loss of 44 or 43; 57
or 58; 102 or 103
2NO3

1,3-DNB

(http://www.colby.edu 1997)

125

Multiple ions

1,3-DNB

(http://www.colby.edu 1997)

127
129

Multiple ions; loss of 40 or 41
C3H5N4O2
Loss of CH3N3O6

1,3-DNB

(Reich 2001)
(Badjagbo 2012)
(Postler 2020)

132

1,3-DNB

134

Multiple ions; loss of 35 or 36
Multiple ions; loss of 80 or 81
Multiple ions; loss of 79 or 78

TNB
TNB

(http://www.colby.edu 1997)
(http://www.colby.edu 1997)
(http://www.colby.edu 1997)

135

Multiple ions; loss of 78 or 77

TNB

(Wake)

136

Multiple ions; loss of 31 or 32

1,3-DNB

(Wake)

137

Multiple ions; loss of 30 or 31

1,3-DNB

138

Multiple ions; loss of 29 or 30

1,3-DNB

(Reich 2001) (Chakraborty 2001, Holmgren
2005)
(Hicks 2009)

147

C2H3N4O4

RDX

(Reich 2001)

148

CH2N(NO2)CH2N(NO2)

HMX

(Reich 2001)

150

Multiple ions; loss of 17 or 18

1,3-DNB

(Wake)

119

**

DNT
TNT

RDX
HMX

51

151

Multiple ions; loss of 16 or 17
Multiple ions; loss of 30 or 31

1,3-DNB
DNT

(Wake)
(Schwarzenberg 2014)

156

Loss of H2N3O6

HMX

(Postler 2020)

160

C2H2N5O4

HMX

(Postler 2020)

162

Multiple ions; loss of 50 or 51

TNB

(Wake)

163

Multiple ions; loss of 50

TNB

(Wake)

164

Multiple ions;
CH3N(NO2)CH2N(NO2)CH3

TNB
RDX

(Reich 2001)

165

C6N4O2H5

TNT

(Reynolds 2018)

175

CH3N(NO2)CH2N(NO2)CN

RDX

(Reich 2001)

176

C3H6N5O4

HMX

(Postler 2020)

178

CH2N(NO2)CH2N(NO2)+NO

HMX

(Reich 2001)

181

Multiple ions; loss of 31 or 32

TNB

(Wake)

182

Multiple ions; loss of 30 or 31

TNB

(Wake)

183

TNB
HMX
TNT

(Wake)

186

Multiple ions; loss of 29 or 30
Loss of 113
Multiple ions; loss of 40 or 41

193

(O2NOCH2)CH(CH2CH2ONO)+NO

194

Multiple ions; loss of 18

TNB

(Wake)

196

Multiple ions; loss of 16, 17, 30 or
31
Multiple ions; loss of 15, 16, 29 or
30

TNT
TNB
TNT
TNB

(Perret 2008)

203

Loss of 93

HMX

(Postler 2020)

210

Multiple ions; loss of 17

TNT
TNB

(Yinon 1997, Reich 2001)
(Wake)

250

Loss of 46

HMX

(Postler 2020)

197

(Wake)
(Reich 2001)

(Holmgren 2005) (Hicks 2009)

* different MPs might be used by other groups
** rearrangement of the molecule: notation means that the ion was formed by a rearrangement that
involved the transfer of a hydrogen atom from some other part of the molecule
† good diagnostic for benzene rings

3.1.3. NB (Mm = 123 g/mol)
The degree of π-delocalization over the aryl ring of para-substituted nitrobenzene compounds
(Adeniyi 2019) has led to valuable information on their behavior and related to the ionization in
mass spectrometry. Computational calculations of reduction potential, ionization energy, proton
affinity, pKa are presented in the same paper of (Adeniyi 2019).
Resonance structures of NB (Figure 3.3.) with an electron withdrawing NO2 group, provide the
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molecule with partial positive charges on the ring, therefore some affinity for nucleophile attacks.

Figure 3.3. Resonance structures of NB

In Subchapter 3.1.1., we attempted to give an explanation for the reason why NB is not generally
abiding by the acid-base solution theory, proposed by (Adeniyi 2019) and others. Precursor ions
of m/z 120, 121,122, and 124 were noticed in our full scans, at negative and positive polarities
(Table 3.2.).
However, arguments arose on proposing a new mechanism to demonstrate that a nitro-compound
lacking acidic protons (such as -COOH or -OH), would yield to a deprotonated ion of m/z 122.
The m/z 122 precursor ion seems arising from a deprotonated benzene ring (Figure 3.4.) (Table
3.1. Notation c). Although the m/z precursor ions of 120 and 121 appear at high intensity in the
mass spectrum, their presence could not be attributed as coming from NB.

Figure 3.4. Deprotonated precursor ion of NB m/z = 122

A mass of m/z 124 can - conversely - be attributed to NB self-chemical ionization (protonation at
the NO2 group) in the gas-phase, at negative polarity and to our knowledge has not previously been
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reported, as occurring in a quadrupole mass spectrometer, only in a time-of-flight instrument (Li
2010) (Jaramillo 2009) (Table 3.1., Notation f).
These are only assumptions we are making, still the statements must be verified with additional
mass spectrometric experiments or other type of experiments.

Figure 3.5. Precursor ion of NB m/z = 124 explained through the hydride ion formation

The unexpected precursor ions displayed by NB, emphasize the necessity of checking the
automatic selection of the precursor ion (given by the software), against the manual selection
(performed by the operator). In our solvent system used, the negative mode seems preferential for
NB, where the fragment peaks are better defined as compared to the positive mode.
When NB decomposes at high temperatures like those in the mass spectrometer, diverse products
and gasses are formed. Nitrobenzene is stable to heating up to about 450°C, with the decomposition
depending on heating time and on the potential to undergo thermal decomposition on surfaces (by
heterogeneous reactions). An earlier study on decomposition mechanism, assumed NO2 is
generated from the C-N bond cleavage, followed by further reactions of phenyl radicals
(Moldoveanu 2019). The reaction products consist mainly of NO, NO2, benzene, biphenyl, aniline,
dibenzofuran and lower levels of naphthalene.
In terms of CID, fragment m/z 46 NO2 has been noticed in the NB mass spectrum, at very low
intensity arising from precursor ion m/z 124 (Figure 3.6.). A loss of m/z 59 has been previously
reported by other groups (Table 3.3.). Fragment m/z 65 is a good diagnostic for the benzene
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ring presence. Fragment m/z 94 is formed by rearrangement of the molecule and elimination of
an NO group (Muftakhov 2006). Fragments with m/z 41, 59, 61/62 65, 68, 93 and 94 were selected
for further chromatography studies. Only few of those selected MRMs responded well under the
chromatographic conditions setting. An important observation is that transitions m/z 122 to m/z
68 and 94, which gave best sensitivity in chromatography separations, are found to be less intense
transitions in infusion runs (Figure 3.6.).
Table 3.3. presents all the fragments obtained from automatically selected precursor ions.
Transitions from precursor ions m/z 120, 121 and 124 were discarded, as these ions - at the time
when chromatography was conducted - were considered artifacts. The intensities of these “artifact”
transitions are highest amongst all, a fact which prompts for further examination. With additional
experiments, we envision the use of the above-mentioned precursors ions, in tandem with isotope
labeling studies, to tag proton migration and elucidate NB’s fragmentation pattern (Li 2010). The
two MRMs marked in black, in Figure 3.6. (m/z 122 - 94 and m/z 122 - 68) show the best response
in chromatography studies (Figure 3.43.). The fragmentation pattern is consistent over a large
range of Q1/Q3 resolution settings, indicating this compound exhibits a stable behavior in ESI
negative mode, particularly for the artifact precursor ions. In comparison to the positive mode
(Figure 3.39.), the NB response in negative mode shows slightly better sensitivity.
If the transitions obtained at Low/Low and Low/Unit (transmission window width) would be
studied in more depth and explained (Figure 3.6.), some novel research can be projected and
developed.
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NB
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0
All MRMs

Figure 3.6. NB MRMs in negative mode, in [MeOH : (H2O : IPA 4:1) 1:1]+0.1% HAc at all
Q1/Q3 resolution combinations; black graph bars are MRMs responding best in
chromatography runs

3.1.4. 1,3-DNB (Mm = 168 g/mol)
Theoretical calculations of the ionization potential for 1,3-DNB list a value of 10.4 eV, meaning
that the compound ionizes acceptably well. However, our chromatographic experiments indicate
otherwise (Figure 3.42.). Therefore, we conclude the method either needs further optimization of
the 1,3-DNB compound-related parameters (CE, CXP, DP) or return and fine-tuning of the mass
spectrometer’s source-related parameters.
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Below in Figure 3.7., we depicted possible resonance structures of 1,3-DNB, displaying a
negative partial charge at the NO2 group and a positive partial charge at the benzene ring.

Figure 3.7. Resonance structures of 1,3-DNB

Our studies have found the presence of a molecular ion m/z 168 in both modes (negative and
positive) and m/z 167, 168 and 169 in negative mode, dependent on the mass spectrometric
resolving power used (Table 3.2.). Presence of the m/z 169 ion might be attributable to selfchemical ionization , that is protonation (Table 3.1., Notation f) in an aqueous solvent, as in the
case with NB (Smith 1975, Li 2010) (Jaramillo 2009). Our study confirms the “wrong-way
ionization” taking place in negative mode in an acidic medium, with the formation of m/z 167
precursor ion (Singh 2016) (Schug 2011) (Table 3.1., Notation c).

Figure 3.8. Deprotonated precursor ion of 1,3-DNB m/z = 167

Explanation of m/z 168 precursor ion lies in the nitro-phenide analog formation, as previously
explained for NB (Figure 3.8. and 3.9.).
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Figure 3.9. Precursor ion of 1,3-DNB m/z = 168 explained through the nitro-phenide ion
formation

In terms of CID, fragment m/z 46 NO2 has been noticed in the 1,3-DNB mass spectrum, at very
low intensity arising from precursor m/z 167 and 168 precursor ions (Figure 3.10.). Since fragment
m/z 46 is common for many other compounds, it was excluded from chromatography study in
order to keep uniqueness of the method. Other 1,3-DNB fragments were identified and used
further. Table 3.3. presents all the fragments obtained from automatically selected precursor ions.
The decomposition mechanism of 1,3-DNB in gas phase leads to several fragment ions, as depicted
in a paper by (Mauracher 2010). Loss of NO, 2NO, CO2 and CO are possible with the following
fragments obtained m/z: 137/138, 108, 124 and 140. Other literature search reports found similar
fragmentation pattern in most of the target nitroaromatic, nitroamine and nitroester compounds
(Xu 2004) (Holmgren 2005) (Sciex 2006, Schramm 2015). In-source self-chemical ionization
(protonation) of the molecule is observed and was explained in a previous Subchapter 3.1.1.
(Smith 1975) (Li 2010) (Jaramillo 2009). A common fragment identified in our work is m/z
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137/138 (nitroaniline) and has been also reported by (Thurman 2012). Fragment m/z 108 (loss of
2NO) has been identified as well by (Song 2007) in their publication and matches our finding.
Appearance of fragment m/z 63 is a good diagnostic for identification of compounds with a
benzene ring (Wake). The m/z 151 fragment could be attributed to the loss of hydroxyl group
with m/z 17, similarly to 2,4,6-TNT (Yinon 1997). Fragment m/z 124 represents an elimination
product of a m/z 44 group (http://www.colby.edu 1997).
An important observation is that transitions m/z 167 to 137 and 63, which gave best sensitivity in
chromatography separations are likewise found as being very intense transitions in infusion runs
in [MeOH : (H2O : IPA 4:1) 1:1]+0.1% HAc (Figure 3.10.).

1,3-DNB
25000

Unit/High

Intensity [cps]

20000

High/Unit

Unit/Low

Unit/Unit

15000
High/High

Low/Low

High/Low

10000

Low/Unit

5000
Low/High

0
All MRMs

Figure 3.10. 1,3-DNB MRMs in negative mode, in [MeOH : (H2O : IPA 4:1) 1:1]+0.1% HAc,
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at all Q1/Q3 resolution combinations; black graph bars are MRMs responding best in
chromatography runs

Best response for 1,3-DNB, as found from our data is in negative mode. In comparison to the
positive mode (Figure 3.39.) 1,3-DNB is responding only slightly better. The fragmentation
pattern appears consistent over a large range of resolution settings, indicating this compound
exhibits good behavior in ESI, negative mode. The two MRMs marked in black, in Figure 3.10.
(m/z 167 - 137 and m/z 167 - 63) show the best response in chromatography studies (Figure 3.44.).

3.1.5. 1,3,5-TNB (Mm = 213 g/mol)
The degree of π-delocalization over the aryl ring of tri-substituted nitrobenzene compounds
(Adeniyi 2019) has lead to valuable information on their behavior, related to the ionization in
mass spectrometry. Resonance structures of 1,3,5-TNB (Figure 3.11.) with three electronwithdrawing NO2 groups, provide 1,3,5-TNB molecule with positive charges on the ring,
therefore some affinity for electron-pair acceptance, which would classify the compound as
slightly acidic (Adeniyi 2019). In subchapter 3.1.1. we attempted to give an explanation for the
reason why NB is not generally abiding by the acid-base solution theory, proposed by Adeniyi
et al., 2019. A similar explanation could be attributed to 1,3,5-TNB.

Figure 3.11. Resonance structures of 1,3,5-TNB
Molecular ions found in our studies are m/z 212 and m/z 213, in negative mode and m/z 213 in
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positive mode (Table 3.2.). Precursor m/z 212 results from the “wrong-way ionization” in negative
mode, acidic medium (Table 3.1., Notation c and Figure 3.12.). Precursor ion m/z 213 NO2
shows the possibility of the molecule to go through nitro-phenide formation (Table 3.1., Notation
e and Figure 3.13.). Self-chemical protonation (hydride formation) of 1,3,5-TNB is not noted in
our study (Table 3.1., Notation f and Table 3.2.).

Figure 3.12. Deprotonated precursor ion of 1,3,5-TNB m/z = 168

Proposed mechanism for the m/z 213 nitro-phenide formation is presented in Figure 3.13. below.

Figure 3.13. Precursor ion of 1,3,5-TNB m/z = 213 explained through the nitro-phenide ion
formation
In terms of CID, the fragmentation pattern is consistent over a large range of Q1/Q3 resolution
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settings, indicating this compound exhibits good behavior in ESI negative mode. Table 3.3.
presents all the fragments obtained from automatically selected precursor ions. Similarly, to the
other nitroaromatic compounds, 1,3,5-TNB having a precursor ion of m/z 213 (or 212) can undergo
loss of fragments with m/z of 46, 30, 44 and 28 (Brill 1993) and with formation of m/z 166/167,
181/182/183, 168/169 and 184/185.
A m/z 45/ 46 fragment is present in the mass spectra of 1,3,5-TNB, however, the transition m/z
213 to m/z 45/46 is not encountered often in the literature. Instead, a m/z fragment of 183 and 95
are reported by (Thurman 2012). Fragment m/z 135 obtained by a loss of m/z 77 (C6H5) is not
previously reported, although it could be an interesting fragment to investigate. The m/z 62/63
fragments are found to occur with many other explosive compounds and m/z 194 is a fragment
obtained after loss of one molecule of water. Fragment m/z 196 is obtained after loss of a hydroxyl
group. An important observation is that transitions from precursor ion m/z 212 to fragments m/z
181 and 194, which gave best sensitivity in chromatography separation, are likewise found as
being very intense transitions with infusion runs, in [MeOH : (H2O : IPA 4:1)1:1] + 0.1% HAc.
In contrast to the positive mode (Figure 3.39.) 1,3,5-TNB is observed to respond much better
in negative mode. The two MRMs marked in black, in Figure 3.14. (m/z 212-181 and m/z 212194) show the best response in chromatography studies (Figure 3.43.).
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Figure 3.14. 1,3,5-TNB MRMs in negative mode, in [MeOH : (H2O : IPA 4:1)1:1] + 0.1%
HAc, at all Q1/Q3 resolution combinations; black graph bars are MRMs responding best
in chromatography runs

3.1.6. 2,4,6-TNT (Mm = 227 g/mol)
2,4,6-TNT has a very symmetric structure and is being one of the most studied explosive
compounds. Below are depicted all resonance forms of 2,4,6-TNT (Figure 3.15.). The negative
charges appearing on NO2 conjugation with the aromatic ring confers the molecule the possibility
of going through self-chemical protonation, hydride formation at the NO2 group (Table 3.1.,
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Notation f).

Figure 3.15. Resonance structures of 2,4,6-TNT

According to (Cohen 2007) there are three pathways of thermal decomposition of 2,4,6-TNT:
1.

C-NO2 homolysis, with one NO2 elimination, followed in another step by two NO2
eliminations.

2.

C-H alpha attack to form 2, 4-dinitro-anthranil (DNAn), Mm = 209 g/mol).

3.

Rearrangement of C-NO2 to C-ONO (nitrite with same molecular mass) in the first step
and followed by eliminationof three molecules of NO.

Other possible decomposition products are listed as: a) 2,4,6-trinitrobenzaldehyde, b) 2,4,6 trinitrobenzyl alcohol and c) 4, 6-dinitro-anthranil (Dacons 1960). The visual analysis of the
full scan finds precursor ions of m/z 226, 227 and 228 (Table 3.2.). Formation of a precursor
ions of m/z 226 and 227 was previously reported (Park 2013) (Song 2005) and it can be explained
by the “wrong-way” theory and nitro-phenide anion formation, respectively (Table 3.1., Notation
c, e) . Besides, ion with m/z 227 could be equally assigned as rearrangement of 2,4,6-TNT to the
nitrite ion (Cohen 2007). The presence of ion m/z 228 could be attributed to the self-chemical
protonation (hydride formation) in aqueous solution, similarly to what was encountered in the full
scan of NB and 1,3-DNB (Smith 1975) (Li 2010) (Chen 2004)(Table 3.1., Notation f).
MRMs arising from m/z 228 have not been considered for chromatography studies, this precursor
ion being initially considered an artifact. Figures 3.16. displays the deprotonated precursor ion of
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m/z 226 and Figure 3.17. indicates formation of precursor ion of m/z 227, via a nitro-phenide
anion intermediate or rearrangement of C-NO2 to nitrite C-ONO isobar. Isobaric studies can be
conducted to confirm different fragmentation patterns of the nitro-compound to nitrite-compound.

Figure 3.16. Deprotonated precursor ion of 2,4,6-TNT m/z = 226

Figure 3.17. Precursor ion of 2,4,6-TNT m/z = 227 explained through the nitro-phenide
and/or nitrite ion formation

2,4,6-TNT responds very well in negative polarity, giving high intensity fragments (Figure 3.39.).
Table 3.3. presents all the fragments obtained from automatically selected precursor ions.
Elimination of a m/z 45/46 group (pattern very common to all nitro-compounds) gives off to a
fragment with m/z 182/181 (Badjagbo 2012) (Song 2007) (Gapeev 2003). Fragment m/z 99 is a
good diagnostic for benzene rings (http://www.colby.edu 1997).
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Fragment m/z 85 is reported as N2O loss from a precursor ion of m/z 227 (Badjagbo 2012) (Song
2007) (Gapeev 2003). Fragment m/z 85 is reported as N2O loss from a precursor ion of m/z 227
(Badjagbo 2012) (Song 2007) (Gapeev 2003). Loss of a hydroxyl group from a precursor ion m/z
227, yields to a m/z 210 (Schramm 2015); this fragment is mentioned by Reich in his thesis, but
having a precursor ion of m/z 226 (Reich 2001) and in the computational studies of (Cohen 2007).
Fragment m/z 197 is encountered in Holmgren’s publication and corresponds to the commonly
encountered elimination of an NO group (Holmgren 2005). A m/z 62 fragment is found after loss
of m/z 165 (Kahl 2018). Fragment m/z 186, obtained by the elimination of m/z 41 is also reported
in a paper by (Thurman 2012). A m/z 65/66 fragment elimination yielding to an m/z 161/162
daughter ion is reported in Reich’s thesis (Reich 2001). An important observation is that transitions
from precursor ion m/z 227 to fragment m/z 45 and 210, which gave best sensitivity in
chromatography separation, are likewise found as being relatively intense transitions in infusion
runs in [MeOH : (H2O : IPA 4:1)1:1] + 0.1% HAc. All these transitions are depicted in Figure
3.18.
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Figure 3.18. 2,4,6-TNT MRMs in negative mode, in MP = MeOH : (H2O : IPA 4:1)1:1] +
0.1% HAc, at all Q1/Q3 resolution combinations; black graph bars are MRMs responding
best in chromatography runs

The two MRMs marked in black, in Figure 3.18. (m/z 227 to m/z 210 and m/z 227 to m/z 45)
show the best response in chromatography studies, despite the fact are not highly sensitive
transitions, in direct infusion experiments (Figure 3.45.).

3.1.7. 2,4-DNT (Mm = 182 g/mol)
In the case of 2,4-DNT, the only precursor ion seen during our negative polarity infusion
experiments is m/z 182 (Table 3.2. and Table 3.1., Notation e). This compound shows good
response in both polarity modes, with a slight preference for negative polarity (Figure 3.39.).
Resonance structures are presented below in Figure 3.19.
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Figure 3.19. Resonance structure of 2,4-DNT

Fragments obtained are very consistent with 2,4-DNT showing good response in negative mode.
Positive polarity mode yields to similar peak sensitivity for the two MRMs selected indicating this
compound can be ESI analyzed using both polarity modes (Figure 3.39.). Self-chemical
protonation (hydride formation) o f molecular ion m/z 183 is not observed, as in the case of
NB, 1,3-DNB, 2,4,6-TNT, RDX, HMX and PETN compounds. The precursor ion m/z 182
obtained through the nitro-phenide anion (or rearrangement C-NO2 to C-ONO isobar) is depicted in
Figure 3.20.
Regarding CID, a group of researchers conducted a study in which they demonstrated that
consecutive losses of NO, H2O and OH groups yielded to a fragment of m/z 116 in ESI (-)
(Schwarzenberg 2014). We noticed in our study formation of m/z 151/152 which corresponds to
a loss of NO, and further elimination of H2O and OH has not been observed. Formation of m/z
123/124 fragment, which corresponds to loss of an acetone molecule m/z 58, has been noticed in
our study and in a study of (Schwarzenberg 2014).
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Figure 3.20. Precursor ion of 2,4-DNT m/z = 182 explained through the nitro-phenide and/or
nitrite ion formation

Consecutive loss of NO and CO from m/z 182 has been reported by (Tanaka 2008) and later by
(Schwarzenberg 2014) and collaborators have proven that in fact, the NO loss was mistakenly
assigned to the loss of CH2O (formaldehyde). Fragment m/z 94 could be arising from elimination
and rearrangement of m/z 88 (Wake). Since 2,4-DNT is a decomposition product of 2,4,6-TNT,
care must be taken when selecting the MRM transitions for chromatographic studies. All fragments
having m/z 182 arising from 2,4,6-TNT precursor ions have been discarded to avoid mass spectral
overlaps and misinterpretation.
An important observation is that transitions m/z 182 to m/z 124 and m/z 94, which gave best
sensitivity in chromatography separation are likewise found as being the most intense transitions
in infusion runs in MP = [MeOH : (H2O : IPA 4:1) 1:1] + 0.1% HAc. Table 3.3. presents all the
fragments obtained from automatically selected precursor ions. All MRMs are depicted in Figure
3.21. below.
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Figure 3.21. 2,4-DNT MRMs in negative mode, in MP = [MeOH : (H2O:IPA 4:1) 1:1] +
0.1% HAc, at all Q1/Q3 resolution combinations; black graph bars are MRMs responding
best in chromatography runs

The two MRMs marked in black, in Figure 3.21. (m/z 182-124 and m/z 182-94) show the best
response in chromatography studies (Figure 3.43.).

3.1.8. RDX (Mm = 222 g/mol)
Lacking the aromaticity of a benzene ring which confers stability through resonance, RDX
presents as a highly unstable molecule. Xray crystallography has detected the presence of two
conformational forms of RDX, namely 𝛼 and 𝛽, which can easily convert one into another, under
high temperatures and pressures (Millar 2009). Some researchers report RDX’s inability to form
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stable negative ions in ESI IMS (ion mobility)/MS and have studied this compound as stable
adducts formed with MP modifiers (Kabir 2013) (Gapeev 2003) (Mathis 2005). Our work does not
focus on studying the adduct ions. Being a basic compound, we would not expect formation of
negative precursor ions, in negative polarity mode. RDX precursor ions encountered in our study
are m/z 221 , that is a deprotonated molecule, m/z 222 formed through the nitro-phenide anion and
pre-protonated (self-ionization) m/z 223 ion, all obtained in negative polarity (Table 3.1.,
Notation c, e and f). Precursor m/z 221 has been, likewise reported by (Yinon 1997), although at
low abundance. RDX responds better in negative polarity mode (Figure 3.39.) as compared to the
positive mode. Figure 3.22. represents the resonance structure of RDX.

Figure 3.22. Resonance structure of RDX

According to an article published by Chakraborty’s group there are three pathways to
the unimolecular decomposition of RDX: a) concerted decomposition of the ring to form three
methylene nitramine (m/z 74) CH2NNO2 b) homolytic cleavage of an N-N bond to form NO2 and
tetrahydro-3.5-dinitro-1,3,5-triazine RDR (m/z 176 C3H8N5O4) c) successive HONO (m/z 47)
elimination to form stable 1,3,5-triazine TAZ (m/z 81). RDR and TAZ can further decompose
into other various products. The group of (Chakraborty 2000) claims these predicted pathways can
be similarly applied to HMX. Deprotonated ion m/z 221 and the precursor ion m/z 222, obtained
through the nitro-phenide anion (or rearrangement C - NO2 to C - ONO isobar) are drafted in Figure
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3.23.
Regarding CID: fragment of m/z 176 found by (Chakraborty 2000) is formed by loss of fragment
m/z 45 from RDX precursor ion m/z 221. Some other studies identified fragment m/z 46 is lost
from a precursor ion of m/z 222 (Behrens 2006). Fragment m/z 175 is also found in our studies.
Fragment with m/z 147 obtained by a loss of m/z 74 is recollected by (Reich 2001) in his thesis,
(Badjagbo 2012) and found in our studies (Table 3.3.). Fragment m/z 92 is obtained by a loss
of two molecules of NO2 (Reich 2001).

Figure 3.23. Precursor ion of RDX m/z = 222 explained through the nitro-phenide and/or
nitrite ion formation

A m/z of 59 was reported by (Badjagbo 2012) and (Gapeev 2003) as being lost from m/z 222,
with formation of an unidentified m/z 162 compound. The m/z 123 fragment obtained by a loss of
a m/z 98 fragment, was reported by Reich in his thesis (Reich 2001). Elimination of m/z 65 or 64
gives m/z 155 or 156 fragments, respectively (Reich 2001). Fragment m/z 57 could be removed
from the precursor ion 221, forming a m/z 164 fragment (Song 2007). Similarly, a m/z 74 fragment
elimination yields to formation of m/z 147 (Badjagbo 2012).The m/z 205 fragment is assumed to
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be obtained by a loss of m/z 16, a common fragment among the explosive compounds (Wake).
Fragment m/z 92 is obtained by elimination of two NO2 molecules (Reich 2001). An important
observation is that transitions from precursor ion of m/z 221 to m/z 46, which gave best sensitivity
in chromatography separation is equally found as being a very intense transition in infusion runs
in MP = [MeOH : (H2O : IPA 4:1) 1:1] + 0.1% HAc. Table 3.3. presents all the fragments obtained
in our study from automatically selected precursor ions. All MRMs are depicted in Figure 3.24.
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Figure 3.24. RDX MRMs in negative mode, in MP = [MeOH : (H2O : IPA 4:1) 1:1] + 0.1% HAc, at
all Q1/Q3 resolution combinations; black graph bars are MRMs responding best in chromatography
runs

Although when acquiring infusion experiments, we noticed consistent fragments forming with
high sensitivity, after proceeding to the chromatographic part our work unveils that most of those
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intense fragments gave poor response, or no response at all. The only one MRM found responding
in the chromatographic separation, m/z 221 to m/z 46, is marked in black (Figure 3.24.).

3.1.9. HMX (Mm = 296 g/mol)
Similarly to RDX and other cyclic nitroamines, this compound is very unstable. Our work depicts
three different precursor ions in the ESI (-) mass spectrum of this compound. Precursor ions of
m/z 296 and 295 represent the molecular ion and quasi-molecular ion, respectively (Table 3.1.,
Notation c and f) and precursor ion m/z 297 is a pre-protonation (self-ionization) of the molecule
(Oxley 2017) (Table 3.1., Notation e). Resonance structure of RDX is drawn in Figure 3.25.

Figure 3.25. Resonance structure of HMX

The decomposition of HMX resembles the one of RDX, except for the concerted
decomposition to yield four molecules of methylenenitramine (m/z 74). The possible mechanisms
are a) homolytic cleavage of N-N bond to form NO2 (m/z 46 g/mol) and HMR (m/z 250 g/mol)
which subsequently decomposes to form various products b) successive HONO eliminations to
give four HONO (m/z 47 g/mol plus a stable intermediate (m/z 108 g/mol) c) O-migration from
one of the NO2 groups of HMX to neighboring C atom, followed by the decomposition of
intermediate (m/z 296 g/mol) to INT222, a ring-opened RDX structure (Chakraborty 2001). HMX
precursor ions of m/z 295, 296 and 297 are encountered with our infusion experiments (Table
3.21., Notation e and f). Appearance of m/z 295 is considered as a “wrong-way ionization” of a
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basic compound, in acidic medium and negative polarity applied. m/z 296 is formed through the
nitro-phenide anion, and m/z 297 represents a self-chemical ionization (pre-protonation).
Precursor m/z 295 has been also reported by (Yinon 1997), while at low abundance. Figure 3.26.
drafts the possible nitro-phenide and nitrite anion formation. Reich in his dissertation on nitroexplosive compounds (Reich 2001) had studied the HMX mass spectrum in detail showing that
several fragments present in his study are additionally confirmative in our study: a fragment of
m/z 147 is obtained by elimination of a m/z 148 fragment from the precursor ion 295; loss of m/z
73 yields to fragment m/z 222; another fragment observed is m/z 277, obtained by the elimination
of m/z 17. In contrast, (Postler 2020) has reported a

mass of m/z 278, obtained by the

elimination of a water molecule m/z 18. Furtherore, reported by the latter author is the loss of
m/z 82 and formation of m/z 213 (Postler 2020). The group of (Chakraborty 2001) identifies
fragment m/z 251, following a loss of m/z 44 and fragment m/z 217, following a loss of m/z 79.

Figure 3.26. Precursor ion of HMX m/z = 296 explained through the nitro-phenide and/or
nitrite ion formation
Fragment m/z 97 with unknown identity, has not being reported in other groups HMX research
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studies. An important observation is that transitions m/z 295 to m/z 147 and m/z 73, which gave
best sensitivity in chromatographic separations are equally found as being less intense transitions
in infusion runs in MP [MeOH : (H2O : IPA 4:1) 1:1] + 0.1% HAc. We noticed that the
fragmentation pattern is relatively consistent over all transmission windows applied. All fragment
assignments are provided in Table 3.3. Below in Figure 3.27., we collected the full set of MRM
transitions for HMX. The two MRMs marked in black, in Figure 3.27. (m/z 295-147 and m/z
295-73) show the best response in chromatography studies (Figure 3.44.).

120000

HMX

Low/High

100000

Intensity [cps]

80000

60000
Low/Unit
Unit/Low

Unit/Unit

40000
Unit/High

20000

High/Low

Low/Low

High/Unit
High/High

295-46

295-45

295-46

295-147

295-73

295-46

295-146

295-46

295-97

295-97

295-46

295-147

297-79.5

297-74

297-182

297-182.5

297-79

297-119

297-70

297-182

297-80

297-182

297-183

296-112

296-183

296-112.5

0

All MRMs

Figure 3.27. HMX MRMs in negative mode, in MP [MeOH : (H2O : IPA 4:1) 1:1] + 0.1%
HAc, at all Q1/Q3 resolution combinations; black graph bars are MRMs responding best
in chromatography runs
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3.1.10. PETN (Mm = 316 g/mol)
Three different precursor ions are encountered in the ESI (-) mass spectrum of this compound: m/z
315 and 316 represent a proton loss and formation of an anionic phenide, respectively (quasimolecular ion and molecular ion) (Table 3.1., Notation c and e). PETN has preference for the
positive mode ionization, due to its basicity. Not many articles published work conducted on the
molecular or quasi-molecular ion of PETN (Yinon 1997), rather on adducts. Precursor ion m/z 317
is a pre-protonation of the molecule, as previously described for NB, 1,3-DNB, 2,4,6-TNT, HMX,
RDX and PETN (Bienkowski 2004, Oxley 2017) (Table 3.1., Notation f). Resonance structure of
PETN is drafted in Figure 3.28.
PETN, lacking the aromatic ring displays a very unstable structure with numerous, intense
fragments forming in the collision cell. There are three possible decomposition mechanisms,
which (Oxley 2017) proposes:

1) NO2 elimination, with formation of a C=O bond
2) HONO rearrangement and elimination, with formation of a C=O bond
3) H-atom shift between two molecules

Figure 3.28. Resonance structure of PETN
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Figure 3.29. Precursor ion of PETN m/z = 316 explained through the nitro-phenide and/or
nitrite ion formation

In terms of CID: as in many other compounds, elimination of fragment NO2 m/z 46 is possible, as
well as m/z 45 attributed to a loss of NO2+H (Badjagbo 2012) (Gapeev 2003) (Song 2007). Loss
of m/z 62 yields to formation of a daughter ion of m/z 255/256, depending on the precursor ion
formed (Reich 2001).This transition m/z 61/62 is consistent over the entire range of the Q1/Q3
resolution settings. Formation of m/z 268 with a loss of HONO (m/z 47) is also reported by (Oxley
2017) in their publication on thermal degradation computational studies for PETN. Overall, the
mass spectrum of PETN is very clean, with only few fragments forming. An important observation
is that transitions m/z 316 to m/z 45 and 62, which gave the best sensitivity in chromatography
separation are, likewise, found as being very intense transitions in infusion runs in MP = [MeOH
: (H2O : IPA 4:1) 1:1] + 0.1% HAc. Table 3.3. presents all the fragments obtained from
automatically selected precursor ions. The two MRMs marked in black, in Figure 3.30. (m/z 315
- 62 and m/z 315 - 46) show the best response in chromatography studies (Figure 3.44.).
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Figure 3.30. PETN MRMs in negative mode, in MP [MeOH : (H2O : IPA 4:1) 1:1] + 0.1%
HAc, at all Q1/Q3 resolution combinations; black graph bars are MRMs responding best in
chromatography run
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3.2. Optimization of the mass spectrometric method

Comparison of optimized source parameters for the two instruments Shimadzu 8050 and AB Sciex
4000, show critical parameters needed to be evaluated during infusion. Although the two
instruments are technically different, some parameters are common for both: interface
temperature, probe position and pH. A systematic approach to optimization has been proposed
and will be elaborated with results, in sections to follow.

3.2.1. Automatic and manual optimization of source-related parameters for direct infusion,
compounds mixture
Optimization approaches are given in subchapter 1.1.3. An infusion graph is shown in Figure 3.31., where
the precursor ions of the explosive mixture are not separated and are appearing under a large, very intense
peak. A union column (w/out stationary phase) was used for this type of rapid screening. The most intense
peak is recognized as being 2,4-DNT; this compound responds best in all modes and solvent systems.

Figure 3.31. Infusion peak of 1 ppm explosive mixture, in MP [MeOH: (H2O : IPA 4:1)
1:1] + 0.1% HAc
80

In the initial stages of optimization default source parameters were used, pH was not controlled
and no additives (modifiers) to the MP were originally used. The mass spectrum obtained by
clicking on the apex of this peak is given in Figure 3.29.

3.2.1.1. Reagents used in this work:

Analytical standard was obtained from Restek Corporation (8330 Calibration Mix).
Concentration of each component is 1000 µg/mL in Acetonitrile.
1,3-Dinitrobenzene (99-65-0)
2,4-Dinitrotoluene (121-14-2)
HMX (2691-41-0)
Nitrobenzene (98-95-3)
2,4,6-Trinitrotoluene (99-35-4)
RDX (121-82-4)
1,3,5-Trinitrobenzene (99-35-4)
PETN (78-11-5)

LC/MS grade solvents were purchased from Fisher Scientific. All dilutions were performed in
acetonitrile. Stock solution of 10 ppm was freshly prepared each week and standard solutions were
prepared each analysis day. Compounds stability in acetonitrile was evaluated and they are not
stable in acetonitrile longer than a week, even at high concentration of 10 ppm. The stock solution
was diluted to 1 ppm and other concentrations were used, depending on the detection limit of the
detector for each analyte. Firstly, two mobile phases were separately used: acetonitrile 100% and
methanol 100%, initially without any additive, and a default parameters full scan was performed
to check the presence of the compounds. All eight compounds with their corresponding molecular
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ions or quasi-molecular ions are seen in the full scan, some at low intensities. The low intensity
is due to the existence of adducts, possible dimer formation (not investigated here) and in-source
fragmentation, which suppress in intensity the precursor ions of interest (Figure 3.41.).
Visualizing and manually selecting the known precursor ion from the full scan is complementary
to the automatic search. The automatic optimization algorithm looks for the most intense peak
(base peak) in the specified search window. If the most intense peak in that window is not the
mass of interest, then the software optimizes on the wrong ion. Molecular mass of the target ion
must be entered for the instrument to search the correct ion.

3.2.1.2. Selection of ionization mode
Some preliminary studies were performed on a Shimadzu 8050 instrument. For this instrument we
compared positive mode to the negative mode and concluded that ESI (-) is better to ESI (+), in
terms of sensitivity performance, for at least five out of eight target analytes (Figure 3.32.).
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Figure 3.32. ESI (-) and ESI (+) comparison for Shimadzu 8050 in MP = [MeOH: (H2O: IPA
4:1) 1:1] + 0.1% HAc (two MRMs are represented for each analyte)
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As seen in one of the graphs below, the ESI (-) is preferred over the APCI (-) and DUIS (-) (Figure
3.33.). The behavior is sort of different, since most of the explosive compounds were studied by
other groups using the APCI feature. Our further studies were conducted using ESI.

Figure 3.33. ESI (-), APCI (-) and DUIS (-) comparison for Shimadzu 8050

3.2.1.3. Solvent pH selection on Shimadzu 8050
Being an acid-base equilibrium, the pH of the mobile phase will affect the ionization: negative
ions formation generally requiring a basic pH and vice-versa for positive ions; therefore, solvent
choice and pH, may be critical. Preliminary studies made use of acetonitrile and water in a ratio of
1:1, in both pH media: acidic and basic. pH of the acidic solution adjusted with acetic acid is 5.0
and pH of the basic MP was adjusted to 8.0 with ammonium hydroxide. In parallel, studies were
done on another instrument, an AB Sciex 4000. Both instruments show consistently, better
response in acidic medium, in identical MPs. Based on the above we decided the pH of the solvent
system must be kept at acidic value, for the rest of the experiments further on (Figure 3.34.).
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Figure 3.34. Solvent comparison in negative polarity at pH acidic vs. basic for Shimadzu
8050 (two MRMs are represented for each analyte)

3.2.1.4. Solvent selection and additives
The first two MPs used were acetonitrile and methanol. As mentioned somewhere else in the thesis,
acetonitrile performed a little inferior to methanol and due to the acetonitrile increasing costs and
shortage, methanol has been picked as the preferred solvent. Figure 3.23. gives a comparison of
the two neat solvents obtained from the preliminary studies, using the AB Sciex 4000 instrument.
Two MRMs are represented for each analyte.
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Figure 3.35. Neat solvent comparison in infusion studies for AB Sciex 4000
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Figure 3.36. Solvent system final selection for AB Sciex 4000

Methanol was then compared to a mixed MP, composed of methanol, water and isopropanol plus
0.1% of acetic acid. Isopropanol has been proven to aid in ionization of nitroaromatic compounds,
as stated by (Cassada 1999). Acetic acid is a source of protons to aid in the ionization of basic
analytes. Figure 3.24. depicts final MP selection for our studies.

3.2.1.5. Resolution optimization overview
Further, infusion experiments were run using a combination of solvents in acidic medium, and
the first parameter to be manually adjusted with an AB Sciex 4000 mass spectrometer was the
resolution (transmission window) of the quadrupoles Q1 and Q3. Significant changes are
observed when this parameter is varied, demonstrating that resolution is a crucial parameter to be

varied during an infusion experiment. Q1 and Q3 can both be set to low, unit or high resolution,
with the following values of the transmission window: low (with peak width set > 0.7 Da @
FWHM), unit (with peak width set to 0.7 Da @ FWHM), high (with peak width set to 0.5 Da @
FWHM) and open (with peak width set 0.3 Da @ FWHM). In high resolution setting the m/z
ratio is measured to several decimal places as opposed to low resolution, which will report the
data only to the first decimal place, in the case of our instrument. Since our studies do not focus
on separating isomers, a high-resolution instrumentation is not mandatory (Veresmortean 2018).
All combinations have been tried, resulting in a total of 18 infusions x 8 compounds, in positive
mode and negative mode, respectively. Probe position was varied, as well. For the Shimadzu
8050 instrument, resolution of Q3 is kept constant at unit, while Q1 is varied from low to unit to
high. Or vice-versa: Q1 kept at unit and Q3 varied from low to unit to high. Therefore, only five
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combinations are possible: low/unit, unit/unit, high/unit, unit/low and unit/high. Moreover, for
this instrument the three available sources were optimized for all transmission window
combinations.

3.2.1.6. Resolution optimization of ESI (-)
a) Acidic Medium
Depending on the solvent system used and other mass spectrometric parameters, various fragments
can be obtained. Q1/Q3 RP was the first parameter to be varied, with the rest kept at default values.
Table 3.4. shows the optimized source parameters in acidic medium, in comparison to the default
set, chosen as start-up. As noticed, a few parameters are deemed critical to be optimized for the
AB Sciex instrument, including the sprayer position relative to the cone orifice. Gas flows are also
regarded as important parameters to be optimized.
Table 3.4. Optimized source parameters in ESI (-) for AB Sciex 4000

Source Parameters/Ionization Mode

Default

ESI (-)

Resolution

Q1/Q3 @
Unit/Unit

Q1/Q3 @
Unit/Open

Drying gas flow* [L/min]

10

35

Heating gas flow* [L/min]

10

35

Curtain gas [psi]

20

20

Interface temperature* [deg C]

500

300

Heat block temperature [deg C]

n/a

n/a

Desolvation line temperature [deg C]

n/a

n/a
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Collision assisted dissociation gas* [L/min]

4

30

Interface voltage [kV]

-4

-3.5

Probe position: horizontal* [arbitrary units]

5

10

pH*

n/a

acidic

* critical to be evaluated; vertical distance was kept at default value of 5 mm from the orifice

In the case of the Shimadzu 8050 instrument the gas flows are not playing a crucial role; whereas
the desolvation line temperature and interface temperature are first to be optimized. Table 3.5.
lists the optimized and default parameters.

Table 3.5. Optimized source parameters in ESI (-) for Shimadzu 8050, at pH acidic and basic

Source Parameters/Ionization Mode

Default

ESI (-)

ESI (-)

Resolution

Q1@ Unit

Q1@ Unit

Q1@ Unit

Drying gas flow [L/min]

10

10

10

Heating gas flow [L/min]

10

10

10

Interface temperature* [deg C]

300

200

180

Heat block temperature [deg C]

400

410

375

Desolvation line temperature*[deg C]

250

150

225

3

3

-3

-4

-3

-1

0
0

0
0

2(DUIS) or 3
Nebulizing gas flow [L/min]

(ESI, APCI)

Interface voltage [kV]
Probe position: horizontal* [arbitrary units]
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pH*

n/a

acidic

basic

* critical to be evaluated; no vertical adjustment can be made with this instrument

3.2.2. Automatic and manual optimization of source-related parameters for
direct infusion, individual compounds
Response of the individual compounds in negative and positive polarity for AB Sciex 4000 has
been evaluated, at varying Q1/Q3 resolution settings. An important mass spectrometry feature to
point out is that the Unit/Open combination of the quadrupole resolution is not available for
infusion experiments, only for chromatography. This new combination will be later proven as
being most suitable for the entire LC/MS method development (chromatography hyphenated with
mass spectrometry). Concentration of each compound in the mixture is 1 ppm. The most two
intense transitions (quantifier and qualifier ions) for each compound in MP = [MeOH : (H2O : IPA
4:1) 1:1] + 0.1% HAc, were taken and plotted (Figure 3.37.). Best response is given by NB and
2,4-DNT at Low/Low resolution of the quadrupoles.
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ESI(-) 1st MRM
ESI(-) 2nd MRM

Figure 3.37. Response in ESI (-) @ optimum resolution for each compound in [MeOH :
(H2O : IPA 4:1) 1:1] + 0.1% HAc; AB Sciex 4000 (two MRMs are represented for each
analyte)

Following a similar procedure, the target compounds were also analyzed in ESI (+) mode (Figure
3.38.). In positive mode, 1,3-DNB and 2,4-DNT show best response at Low/High and Low/Unit,
respectively. As noticed, 2,4-DNT responds very well in both polarity modes. In switching to
default/fixed resolution setting, namely Unit/Unit, we noticed again better response for all
compounds in negative polarity (Figure 3.39.).
The two polarity modes (Figure 3.39.) show all compounds responding better in negative mode,
except 1,3-DNB, at default transmission window width. Resolution of the Q1/Q3 has been
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optimized for each compound, individually.

60000

Low/Unit
50000

Intensity [cps]

40000

Low/HIgh

30000

20000

Low/Unit

10000
Low/HIgh

Low/Unit

Low/Unit

TNB

TNT

High/Low

Low/Unit

HMX

PETN

0
NB

DNB

ESI(+) 1st MRM

DNT

RDX

ESI(+) 2nd MRM

Figure 3.38. Response in ESI (+) @ optimum resolution for each compound in MP = [MeOH:
(H2O : IPA 4:1) 1:1] + 0.1% HAc in AB Sciex 4000 (two MRMs are represented for each analyte)

The negative polarity preference is a finding in accordance with many published results and our
previous data obtained from the Shimadzu 8050 (Figure 3.40.) (Cassada 1999) (Xu 2004)
(Schmidt 2006) (Hicks 2009) (Thurman 2012) (Sciex 2006).
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Figure 3.39. Comparison of ESI (-) and ESI (+) for individual compounds @ Default
(Unit/Unit) resolution for all compounds for AB Sciex 4000 (two MRMs are represented for
each analyte)

A similar study was done for the Shimadzu 8050 instrument Figure 3.40. The graph indicates
1,3,5-TNB, 2,4,6-TNT, 2,4-DNT, RDX and PETN having preference for the positive ionization
mode. What we just had presented in Figures 3.39. and 3.40. is a clear indication that two QqQ
instruments of a different brand will give strikingly different results with the ionization processes.
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Figure 3.40. Comparison of ESI (-) and ESI (+) for individual compounds @ Default
(Unit) resolution for Shimadzu 8050 (two MRMs are represented for each analyte)

Some important conclusions from the mass spectrometry manual optimization study are compiled
in the following paragraphs:
Conclusion 1. pH of the selected solvent is chosen to be acidic @ 5.0.
Conclusion 2. We selected the RP of Q1/Q3 at default value ( Unit/Unit), as t h e starting point
for chromatography studies. Disagreeing with this conclusion, chromatography findings show best
response at Unit/Open resolution; the Open transmission window is not available in infusion setup.
Conclusion 3. Probe (ionizing capillary) position was set to default value of 5 : 5 (mm : mm)
from the mass analyzer orifice (or cone orifice).

93

Conclusion 4. A collective set of MRMs have been selected to be applied in chromatographic
separations, in [MeOH : (H2O : IPA 4:1) 1:1] + 0.1% HAc. Generally, the most intense transitions
in infusion give the best response in chromatography, as well. Common fragments such as m / z
46, m / z 62/63 and m/z 124 have not been considered due to lack of distinctiveness, except for
RDX and PETN, respectively. Similarly, MRMs involving isobaric/isomeric fragments with the
same m/z 182 as 2,4-DNT were omitted. If highest intensity fragments for each analyte are to be
selected for further studies, the sensitivity of the whole method would increase. Our option was to
select unique transitions for each compound studied, in order not to - unnecessarily - complicate
the analysis.
Conclusion 5. Self-chemical ionization of molecules in the ion source chamber is possible
yielding to high intensity fragments, e.g.: 2,4,6-TNT, RDX, HMX and PETN. This finding has not
been reported in any of the published literature on explosive compounds and is worth exploring
with further investigations.

3.2.3. Automatic optimization of compound-related parameters for direct
infusion
Following optimization of the source-related parameters, we progressed to perform optimization
of the compound-related parameters for direct infusion. DP, CE and CXP are automatically
obtained, along with the source-related parameters. These parameters are being used with
chromatography separations employing two different particle size columns: 5 and 3 µm columns,
for analytes elution comparison. No manual optimization has been scheduled, owing to instrument
unavailability. Parameters values are listed in Table 3.6. for the AB Sciex 4000 instrument. For
quantitation purposes and if the matrix is complicated, the use o f two ions is recommended
(implicit monitor o f two transitions): quantifier and qualifier and the ratio between them. The
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quantifier ion is of higher intensity. The ratio must show constant value throughout the study.

Table 3.6. Optimized compound parameters in [MeOH : (H2O : IPA 4:1) 1:1] + 0.1% HAc
@ Q1/Q3 Unit/Unit resolution for AB Sciex QTrap 4000
Compound

Selected MRMs

Q1 (V)

Q3 (V)

CE (V)

NB

nd

nd

nd

nd

168-46

-12

-20

-10

168-138

-11

-22

-8

213-183

-25

-11

-36

213-137

-14

-17

-8

227-197

-11

-12

-35

227-210

-16

-30

-14

182-124

-12

-12

-20

182-46

-12

-18

-21

RDX

221-46

-15

-19

-23

HMX

295-73

-11

-21

-20

315-46

-12

-23

-13

315-62

-15

-22

-7

1,3-DNB

TNB

TNT

DNT

PETN

Table 3.7. lists compound parameters value after the auto-optimization on Shimadzu 8050. As
noticed only the CE parameter is common to both instruments. Parameters were explained in
detail, in a previous chapter. These values are most important, particularly the CE which indicates
the energy supplied to the compound to achieve its fragmentation.

Table 3.7. Optimized compound parameters in MP acidic @ Q1/Q3 Unit/Unit resolution
for Shimadzu 8050
Compound

Selected MRMs

DP (V)

95

CE (V)

CXP (V)

122-94

-105

-18

-7

122-68

-105

-26

-5

167-63

-105

-20

-3

167-137

-105

-14

-9

212-181

-75

-18

-11

212-194

-75

-9

-7

227-45

-60

-50

-5

227-210

-60

-14

-3

182-124

-75

-24

-5

182-94

-75

-26

-3

221-46

-45

-16

-5

295-147

-55

-8

-13

295-73

-55

-16

-11

316-45

-40

-34

-1

316-62

-40

-28

-9

NB

1,3-DNB

TNB

TNT

DNT

RDX

HMX

PETN

3.2.4. Adduct formation and in-source fragmentation
Addition of diverse functional groups, ions originating from the solvent (methoxy, propoxy, nitrite
and nitrate) or ions present inside the source chamber (sodium and other impurities), yield to
formation of adducts. Adducts are stable molecules, which need high energies to be broken down
into fragments. Being present at high intensities, they can give valuable information on the
explosive materials structures. Along with adducts, molecular ions, pseudo-molecular ions and
dimerization are possible to be encountered in a full scan.
Badjagbo et al., 2012 collected all up-to-date mass spectrometric methods applied in combination
to detection of explosives in water samples (Badjagbo 2012). ESI and APCI are sensitive
techniques, very effective in studying nitroaromatic, nitroester and nitroamine compounds based
on adducts. However, impurities present in the mobile phases contribute to excessive adduct
formation, which complicate the spectra interpretation. In addition, intensities of ions may become
inconsistent, due to the variable concentration of impurities in the solution (Badjagbo 2012).
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Figure 3.41. is a full scan of the explosive mix containing concentrations of 1 ppm of each
compound. Clearly visible adducts formed in the full scan (Figure 3.41.) are collected and assigned
in Table 3.8.

Figure 3.41. Full scan of a 1ppm explosive mixture

Adducts formation with solvent molecules is recounted in other studies, cited in Table 3.8. Our
work is not concentrated on studying adducts.

Table 3.8. Adduct ID assignment
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Compound/Mm [g/mol]

Functional group or

Adduct m/z

Reference

NO3

185

This study

NO-H

152

This study

182

This study

2M-H

245

This study

NO

198

This study

NO2

214

This study

226

This study

NO

243

This study

NO2

259

This study

2M-OH

409

This study

NO3-H

288

This study

286

(Reich 2001)

2M-H

453

This study

2M+NO-H

483

This study

NO2

228

This study

NO3-H

245

This study

241

This study

CH3O (methoxy)

213

(Reich 2001)

CH3O (methoxy)

327

This study

NO3

284

ion

NB/123

C3H7O (propoxy) or
C2H3O2 (acetate)-H

1,3-DNB /168

C3H7O (propoxy) or
C2H3O2 (acetate)-H
1,3,5-TNB/213

2,4,6-TNT/227

C3H7O (propoxy) or
C2H3O2 (acetate)

2,4-DNT/182

C3H7O (propoxy) or
C2H3O2 (acetate)

RDX/222

(McClellan 2000)
(Gapeev 2003)

NO2-H

267

98

(McClellan 2000)

Compound/Mm

Functional group or

Adduct m/z

Reference

281

This study

506

(Reich 2001)

501

(Reich 2001)

NO2-H

341

(Reich 2001)

NO3

358

(Reich 2001)

355

This study

OH

333

This study

NO3

378

(Reich 2001)

NO2-H

361

(McClellan 2000)

ion

C3H7O (propoxy) or
C2H3O2 (acetate)

2M+ NO3
2M+ C3H7O (propoxy) or C2H3O2
(acetate)
HMX/296

C3H7O (propoxy) or
C2H3O2 (acetate)
PETN/316



could be DNT [Mm=182]

 could be [TNT-H]


could be TNB [Mm=213]
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3.3. Optimization of chromatographic parameters
3.3.1. Chromatographic method development on AB Sciex 4000

3.3.1.1. Preliminary trials
Once the source and compound-related parameters, such as the Q1/Q3 resolution, have been
optimized, and the pH, and solvent combination has been selected, we can proceed to study the
separation of the analytes using a non-polar stationary phase of two different particle size: 3 m
and 5 m (Restek Ultra C18 100 x 3.0 mm).
We started developing the hyphenated method with only two analytes, 1,3-DNB and 1,3,5-TNB,
at a slightly higher concentration that the one used for infusion experiments: 2 ppm.
When separation showed better results, the concentration was lowered to 1 ppm, for each analyte
in the mixture and more analytes were gradually added to the mix and loaded onto the column.
Stock solutions of 100 ppm of explosives mixture were stable over a month period, nonetheless
lower concentrations had to be freshly prepared, ahead of each workday. A control sample of 1
ppm was used to assess the reproducibility of data, from one week to another. Elution conditions
are listed in Chapter 2.3. Other important chromatographic parameters are listed in Table 3.9.

Table 3.9. Chromatographic parameters for preliminary trials in method development
PP (V:H) mm

Oven Temperature

DT [msec]

Flow rate [ml/min]

1000

0.1

[° C]
5:5

45

Isocratic and five different gradient programs have been tried out, with the optimum separation
method obtained, listed in Table 3.10. MPs are prepared as in Subchapter 3.2.
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Table 3.10. Optimum chromatographic parameters

Runtime [min]

MP B (%)

0.1

40

3.0

45

6.0

50

10.0

100

11

40

Concomitantly, PP (vertical component) was varied from the default value of 5 mm to 2 mm, to 8
mm, until the optimum 10 mm has been reached. Different oven temperatures were tried, starting
at default value of 40 °C, to 45 °C and 50 °C with the optimum set at 40 °C. In looking at the DT,
higher values of 300 - 1000 ms will only display pointy peaks with few data points, as opposed to
lower values of 50 - 100 ms which give a smoother, Gaussian shape. Optimum value for DT was
found to be 50 ms. Q1/Q3 resolution was set to the default, at Unit/Unit. Several combinations
of RP settings were employed and modified during 96 runs with the optimum found at
Unit/Open. Other source parameters (voltages, temperature and pressures) were kept at default
values (Table 3.11.), until a satisfactory chromatographic resolution of compounds has been
obtained. Subsequently and to improve sensitivity, the hyphenated method was then subjected to
a re-tuning of the mass spectrometry parameters.

Table 3.11. Default source parameters for preliminary trials

CUR [psi]

10

CAD [psi]

4

IS [kV]

TEM [ C]

GS1 [psi]

GS2 [psi]

ihe

-4.0

500

10

10

ON
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Re-tuning of the source parameters, while ongoing chromatographic separation improvement,
had GS1 and GS2 varied from the default values of 10 psi to 35 psi in increments of 10; the last
value of 35 psi was found to be optimal for both. CUR gas was increased from 10 psi to 30 psi in
increments of 10; the latter value of 30 psi was found to be optimal. Initial value of IS was set to
-4.0 kV and varied in increments of 0.5 kV, until it reached -3.5 kV optimum value. CAD starting
value was set to 4 psi and increased to 8 psi, in increments of 2 psi. TEM was proven to be
a critical parameter and selected to a final value of 300 °C. A low TEM value ensures minimal
thermal decomposition of analytes inside the ion box, while ionizing the molecules.

3.3.1.2. TIC and XIC on different columns
Order of elution is a function of hydrophobicity of each analyte. Principle applied in
chromatography is “like interacts with like”; therefore, we expect the early eluters when using
non-polar column be the most polar ones: HMX and RDX (existence of an N-N bond; low Log
Kow, Table 1.1.). Mid-eluters are NB, 1,3-DNB, 1,3,5-TNB, 2,4-DNT and 2,4,6-TNT (all are
aromatic molecules). Late eluter and the least polar is PETN (non-aromatic ester having a C-O-N
bond, symmetric). This elution pattern has been observed to occur with other MPs, with diverse
non-polar columns and different detection methods (UV, negative ESI/MS, negative APCI/MS)
(Cassada 1999) (Xu 2004) (Sciex 2006) (Schmidt 2006) (Hicks 2009) (Thurman 2012). In all the
citations mentioned, 1,3-DNB either coelutes or has a very close retention time to 1 , 3, 5 - TNB,
likewise 2,4,6-TNT with 2,4-DNT (Table 3.12.). Assigned peak numbers in Table 3.12. are: HMX
(1), RDX (2), 1,3,5-TNB (3) 2,4-DNT (4), NB (5), 2,4,6-TNT (6), 1,3-DNB (7) and PETN (8).
The actual order of elution is somehow different amongst research groups and slightly different
from the predicted one.

102

Table 3.12. Order of elution on C18 non-polar columns: predicted and experimental

Analyte/
Qualitative
Elements

Dipole
moment
[Debye]

Predicte
d order
of
elution
on C18
nonpolar
columns
(based
on the
dipole
moment
values)

Order of elution on C18 columns
(other work)

Order of
elution on

C18 nonpolar 3
µm
columns
(present
work)

Hicks et
al.,
2009
APCI ()

Bratin et
al., 1981
HPLC_
Voltammetr
y

Thurman
et al.,
2012
APCI (-)

Xu et al.,
2006
APCI (-)

AB Sciex
2006
APCI (-)

Schmidt et
al., 2006
HPLC-UV

Schmidt
et al.,
2006 ESI
(-)

NB

4.28

5

4/5 (coelution)

5

nd

nd

5

nd

5

nd

1,3-DNB

6.10

3

7

4

nd

3/7 (coelution)

4

3

4

4

1,3,5-TNB

0.68

8

3

3

nd

3/7 (coelution)

3

4

3

3

2,4,6-TNT

3.33

6

6

6

6

7

6

6

6

7

2,4-DNT

4.38

4

4/5 (coelution)

7

7

6

7

7

7

6

HMX

14.1

1

1

1

1

2

1

1

1

nd

RDX

9.4

2

2

2

2

1

2

2

2

nd

PETN

0.86

7

8

8

8

nd

8

8

nd

nd

As depicted in our studies, there is co-elution of HMX and NB, on the 5 µm column and coelution of 2,4-DNT and NB, on the 3 µm (Figure 3.42.). With the 3 µm, resolution obtained with
1,3-DNB, 1,3,5-TNB and 2,4,6-TNT is improved, as expected. Runtime is longer with the smaller
particle size column RT = 12 min. The MRMs, source and compound-related parameters were not
varied for trials with the second column of 5 µm. Peak intensities are marginally higher with the 3
µm column. Total ion chromatograms (TIC) are presented in Figure 3.42. Inset figure is the TIC
obtained with a 3 µm column.
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Figure 3.42. TIC of 1ppm explosive mixture

Selectivity assessment was quantitatively obtained by the ratios of the Quantifier/Qualifier ions,
which were monitored for all compounds (Table 3.13.). Two replicates of the explosive standard
mixture were performed for low (0.2 ppm) and high (1 ppm) concentrations. Standard deviations
of the Quantifier/Qualifier peak intensity ratio and RT were calculated and found to be < 15 %,
which is the acceptable range.

Table 3.13. Selectivity assessment of standard explosive mixtures for AB Sciex 4000

RT [min]

Ratio of Quantifier /Qualifier
Analyte/Concentration
0.2ppm

1ppm

% STD

0.2ppm

1ppm

%STD

NB
122-94 (quantifier MRM)
122-68 (qualifier MRM)

0.560

0.420

14.0

5.78

5.66

12.0

1,3-DNB
167-137 (quantifier MRM)
167-63 (qualifier MRM)

90.0

160

4.90

6.83

6.94

11.0

1,3,5-TNB
212-181 (quantifier MRM)
212-194 (qualifier MRM)

2.39

2.30

9.00

5.30

5.28

2.00
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2,4,6-TNT
227-210 (quantifier MRM)
227-45 (qualifier MRM)

1.35

1.31

4.00

6.43

6.46

3.00

2,4-DNT
182-94 (quantifier MRM)
182-124 (qualifier MRM)

1.00

1.00

0

5.68

5.66

2.00

HMX
295-147 (quantifier MRM)
295-73 (qualifier MRM)

1.47

1.54

7.00

2.10

2.14

4.00

RDX
221-46 (quantifier MRM)

n/a

n/a

n/a

3.29

3.24

5.00

PETN
315-62 (quantifier MRM)
315-46 (qualifier MRM)

2.55

2.60

5.00

11.46

11.44

2.00

The Extracted Ion Chromatograms XIC from TIC (Figure 3.42.), along with Quantifier and
Qualifier ions are presented in Figures 3.43. - 3.46. In Figure 3.43. 2,4-DNT shows very clean
and intense MRM transitions, being the compound responding best in the infusion studies and
further analyses. NB presented with a less resolved MRM chromatogram than 2,4-DNT; however,
the mass spectrum taken at the peak with RT = 5.65 min (Figure 3.42., inset) indicated mass lines
corresponding to only 2,4-DNT and NB.

Figure 3.43. XIC of NB and 2,4-DNT with MRM assignments

105

The ratio of Quantifier/Qualifier ion is constant for the two concentrations measured. Appearance
of three different peaks in the chromatogram prompts for further NB MRMs confirmation, which
must be assessed by running an individual sample. In Figure 3.44., similarly to NB, 1,3-DNB does
not show a clean chromatographic separation and many ions in the mass spectrum. The ratio
Quantitative/Qualitative is constant implying the peak is correctly chosen. Due to other spurious
peaks in the chromatogram and for quantitative studies and validation purposes, an in-depth
investigation of 1,3-DNB is necessary. Extraneous peaks might be isomers of 1,3-DNB present as
impurities after synthesis. PETN presents a very clean chromatogram and mass spectrum (Figure
3.44.).

Figure 3.44. XIC of 1,3-DNB and PETN with MRM assignments
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In Figure 3.45. 1,3,5-TNB and 2,4,6-TNT have clean MRM chromatograms, yet their mass
spectra are showing impure mass peaks. More investigations are needed for quantification and
validation purposes.

Figure 3.45. XIC of TNB and TNT with MRM assignments

In Figure 3.46. HMX and RDX have very clean MRM chromatograms and mass spectra.
Although these compounds were investigated by other researchers mostly by their adducts;
herein, we can prove they respond with good sensitivity as deprotonated molecular ions.
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Figure 3.46. XIC of HMX and RDX with MRM assignments
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4. Two different instrument parallelism
The MRMs obtained on two different instruments were compared and indicated similar
fragmentations for five out of eight target compounds (Table 4.1.). When using AB Sciex QTrap
4000 all the eight analytes produced two major MRMs, except for RDX which showed only the
quantifier ion present. NB was not detected at all, when using the Shimadzu 8050 instrument,
moreover RDX and HMX showed only one quantifier ion. Measurements were taken in MP =
[MeOH : (H2O : IPA 4:1) 1:1] + 0.1% HAc with AB Sciex 4000 @ Unit/Unit resolution,
respectively and Unit resolution for Shimadzu 8050 instrument. Worth to notice is the fact that all
the MRMs obtained on a Shimadzu instrument are recounted on the AB Sciex 4000 instrument
(Figures 3.6. - 3.30.). We can, therefore, affirm that when certain conditions are met, some of the
MRMs are transferable between two different LC-MS/MS platform instruments. We can also infer
the enhanced selectivity obtained with the AB Sciex QTrap 4000 LC/MS (e.g., NB and HMX).
In our work with the AB Sciex 40 00instrument, we were able to eliminate a commonly occurring
transition of m/z 46 and replace this with other uniquely identified transitions (Ochsenbein 2008)
(Table 4.1.).
Table 4.1. MRMs comparison for two different instruments

Compound/
Reference/
Ionization

ESI (-) LC-MS/MS using MRMs
Reich, F.R.
Dissertation
Thesis *
2001

Ochsenbein et al.*
2008

Reich, 2004
ESI (-)

Our work◆
Shimadzu
LCMS8050
2018

Our work◆
ABSciex QTrap
4000
2019

NB
Mm = 123.1

nd

nd

n/a

nd

122-94
122-68

1,3 DNB
Mm = 168.1

nd

nd

n/a

168-46
168-138

167-137
167-63

nd

213-183

213-183
213-137

212-181
212-194

1,3,5-TNB
Mm = 213.2

213-183
213-137

109

2,4,6-TNT
Mm = 227.1
2,4-DNT
Mm = 182.2
HMX
Mm = 296.2

227-210
227-197

227-210
227-197

227-210
227-45

nd

181-151
181-89

182-46
182-124

182-124
182-94

355(adduct)-46
355-147

295-221
295-147

295-73

295-147
295-73

226-196
226-183

226-46
226-196

nd

295-147
295-207

RDX
Mm = 222.3

257(adduct)-93
257-82

281(adduct)-46
281-93

325 (adduct)-221
325-93

221-46

221-46

PETN
Mm = 316.1

351(adduct)-109
351-62

375(adduct)-62
375-46

377 (adduct)-193
377-109

315-62
315-46

315-62
315-46

nd = not determined
* different mobile phases were used
◆ on 1ppm mixture; PP @ default Vertical : Horizontal 5:5 [mm]:[mm]

Several source parameters, including the capillary (sprayer) position relative to the orifice (PP)
were optimized for both instruments used. Table 4.2. gives a comparison of these parameters,
along with the stringency for evaluation of some critical parameters: interface temperature and
desolvation line temperature for the Shimadzu 8050 and interface temperature, collision gas
pressure, nebulizing gas and curtain gas, in case of the AB Sciex 4000. Interface temperature and
voltage is important to be evaluated for both instruments. The quadrupoles RP parameter remained
unchanged after optimization at the recommended default setting by the manufacturer, namely
Unit/Unit.

Table 4.2. Manual optimization of the source-related parameters comparison

Source Parameters/Ionization Mode/
Instrument

Shimadzu 8050

AB Sciex 4000

ESI (-) #
Default

ESI (-)
acidic

ESI (-) #
Default

ESI (-)
acidic

unit

unit

unit/unit

unit/unit

10

10

n/a

n/a

Interface temperature [°C]

300

200*

500

300*

Heat block temperature [°C] *

400

410

n/a

n/a

Resolution of Q1/Q3 [Da]
Heating gas flow=Sheath gas (other
instruments) [L/min]
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Desolvation line temperature [°C] *

250

150*

n/a

n/a

Collision gas pressure* [L/min]

n/a

n/a

4

30*

Nebulizing gas

3 [L/min]

3 [L/min]

10 [psi]

35 [psi]

10 [L/min]

10 [L/min]

20 [psi]

35 [psi]

Interface voltage [kV]

-3

-4*

-4

-3.5

Probe position Vertical : Horizontal*

n/a : -1

n/a : 0*

5:5

10 : 5*

Curtain gas=Drying gas (other
instruments)

* critical to evaluate
# determined with the vendor recommended tuning standard
n/a not available

The compound-related parameters were optimized using the automatic function of the software
(Table 4.3.). We notice significant differences between the two instruments: firstly, NB has not
been detected at all with the Shimadzu 8050 instrument, secondly, the MRMs obtained do not
entirely correlate; thirdly, there are different components in the mass analyzers that the software
is optimizing, indicative of a totally different configuration for the instruments studied. Moreover,
in the case of Shimadzu 8050, HMX appears with only one quantifier transition. Collision energies
seems a tad higher with the AB Sciex 4000.

Table 4.3. Automatic optimization of the compound related parameters comparison
Shimadzu 8050*

Compound
Parameters

AB Sciex 4000*

MRM#

CE [V]

Q1 [V]

Q3 [V]

MRM#

DP [V]

CE [V]

CXP [V]

NB

nd

nd

nd

nd

122-94
122-68

105

18

7

1,3-DNB

168-46
168-138

10
8

12
11

20
22

167-137
167-63

105

14
8

3
9

1,3,5-TNB

213-183
213-137

36
8

25
14

11
17

212-181
212-194

75

18
9

11
7

2,4,6-TNT

227-210
227-197

14
35

16
11

30
12

227-210
227-45

60

50
14

5
3

2,4-DNT

182-46
182-124

21
20

12
12

18
12

182-124
182-94

75

24
26

5
3
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*
#

HMX

295-73

20

11

21

295-147
295-73

55

8
16

13
11

RDX

221-46

23

15

19

221-46

45

16

5

PETN

315-62
315-46

7
13

15
12

23
22

315-62
315-46

40

34
28

1
9

identical MP
after chromatographic optimization

Conclusion: Due to the different hardware configuration of the two mass spectrometers studied,
the results obtained are significantly different. Therefore, a method cannot be entirely transferred
from a different brand of mass spectrometer to another. The method development process, on the
new instrument must be restarted from the very beginning, with performing of infusion
experiments.
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5. General discussion and future perspectives
As final remarks in the accomplishment of this dissertation work, we would like to reiterate and
emphasize our successful development of an LCMS method, spanning a large range of compound
polarities, as well as the uniqueness of the MRM transitions not encountered in published
literature, preceding the year of 2018. An extensive effort has been applied to the parameters’
optimization, methods which included both automatic and manual maneuvers. Nevertheless, our
advance toward a perfect method has small imperfections.
One is the lack of manual optimization of the compound-related parameters, which therefore is
proposed to be investigated subsequently. This optimization would further improve sensitivity of
the mass spectrometric method. The use of the individual analyte samples is recommended, and
their response should be compared to the analytes’ response in the mixture.
Then, we would support investigative work in positive ionization mode. As demonstrated, a small
group of explosive compounds studied respond better or equally better in positive polarity: 1,3DNB, 1,3,5-TNB and HMX. It is also suggested to revisit the work at pH basic, where 1,3-DNB,
1,3,5-TNB, 2,4,6-TNT and 2,4-DNT show a good response.
Some novel research in the area of mass spectrometric optimization can be projected with a study
involving the transmission windows or RP settings for the Q1 and Q3. Studying Figure 3.6. for
NB, where the presence of the peculiar m/z 120 and m/z 121 precursor ions is at high abundance,
prompted us to investigate in more detail their mechanistic behavior inside an ionization chamber.
Although these ions cannot be directly related to the loss of two and three protons from NB Mm =
123 g/mol, their high intensity might have significant meaning. Similarly, the m/z 124 precursor
ion present at medium abundance could be worth scrutinized. In the case of 2,4,6-TNT, the preprotonated precursor ion m/z 228 shows high abundance in infusion experiments, indicating some
implication worth to additionally investigate. We have not pursued working with transitions from
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m/z 228 (considered an artifact at the time) to m/z 182 and m/z 45/46, although the intensity of the
fragments formed are at high abundance (Figure 3.18.).
Regarding HMX, the pre-protonated precursor ion m/z 297 is suggested to be given additional
consideration, since its intensity count in infusion experiments is noteworthy (Figure 3.27.).
Another proposal is to achieve a better chromatographic separation in the 2,4-DNT/NB case,
where the two compounds are co-eluting. For this aspect, we suggest using a reversed phase
smaller particle size column or even change to a reverse phase amide column or Poroshell C18.
Different mobile phase mixtures can be tried out and analyte concentrations in standards be
adjusted for those which do not show great sensitivity. Longer columns are known to provide a
better separation, it is recommended to try out different column lengths.
We would also like to propose using the above developed method for extension into quantitative
studies of real water samples. The sample preparation paths are outlined in Chapter 2.4., and we
would encourage exploring them. Validation of the entire LC-MS/MS method would make a final
and important assignment to pursue. Assessing fitness of the method with the purpose of the
investigation must follow certain guidelines and protocols, established by regulatory agencies such
as EPA, ICH and other. Analytical elements needed to be evaluated are:
1. specificity
2. selectivity
3. accuracy (bias or trueness)
4. precision
5. intra-day repeatability
6. inter-day reproducibility
7. linearity and working range
8. limit of detection LOD
9. limit of quantitation LOQ
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Some preliminary studies were conducted on our part and will be summarized here. Due to the
instrument and ISTD unavailability, the studies were not completed. We have been able to screen
the calibration curves for the standards, in the range of 0.2 - 1 ppm.
This range has been further extended into the 10 ppm concentration, to establish the instrument
working range. All analytes showed good linearity with correlation coefficients 1 or close to 1,
except 1,3-DNB which displayed a perfect polynomial mathematical fit of the curve. Intra-day
repeatability is recommended to be run for n = 6 replicates of the same sample.
Our data includes only n = 2 replicates, which are not sufficient to establish a compliant average
response. Data variability in units of % RSD must be <10 - 15 %, depending on the regulatory
organization guidelines. Inter-day reproducibility has been performed with n = 2 replicates, two
days apart. NB could not be determined with the Shimadzu 8050, at the time when preliminary
studies were conducted. Results we obtained are as follows: a) intra-day repeatability in % RSD
for 1,3-DNB: 2.7 – 7.5; for 1,3,5-TNB: 0.83 – 5.8; for 2,4,6,-TNT: 0.40 – 7.2; for 2,4-DNT: 0.10
– 2.9; for RDX: 4.2 - 10.1; for HMX: 5.8 -10.1; for PETN: 1.6 – 9.9 b) inter-day reproducibility
in % RSD for 1,3-DNB: 1.6 – 4.4; for 1,3,5-TNB: 0.20 – 10.6; for 2,4,6,-TNT: 1.1 – 5.0; for 2,4DNT: 5.5 – 9.5; for RDX: 0.70 – 17; for HMX: 69 - 122; for PETN: 33 – 39. Our data shows
acceptable values for intra-day repeatability. Inter-day reproducibility results with RDX, HMX
and PETN are out of range and indicate the possibility of a very rapid degradation of the samples.
Careful re-evaluation of the calibration curves with RDX, HMX and PETN is advised. Instrument
LOD and LOQ has been evaluated for all the analytes and set as 0.36 ppm and 1.09 ppm levels,
respectively.
In terms of sample preparation, we have investigated an in-house pipet tip filled with adsorbent,
as means for sample extraction. The so called “sandwich” method with an exactly measured
quantity of an adsorbent in between two hydrophobic frits, was designed to trap/enrich explosive
analytes by adsorption/desorption processes. The idea of using a pipet tip would align with the
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search of a microextraction techniques employing minimal volumes of solvents. We suggested
using activated carbon and diatomaceous earth as sorbents, in lieu of the well-known SPE
cartridges. To our knowledge there are no current reports of explosives microextraction from water
samples performed in a filled pipet tip. Our data showed activated carbon is a very good adsorbent
for the nitro-organic compounds, which contaminate ground and well-water supplies surrounding
military bases. We are proposing to investigate adsorption processes as function of pH, amount of
adsorbent and adsorbing contact time.
Desorption procedure is most challenging and will follow the method proposed by (Parham 2014).
Its efficiency will be evaluated by our already established ESI(-) LC-MS/MS method for a large
range of analyte polarities. The recoveries we found from tap water analysis, are in the range of
53 – 73 % with diatomaceous earth and 1.3 – 66 % with activated carbon. Activated carbons show
high capacity adsorbance and are easily regenerated. Diatomaceous earth, a sorbent frequently
used in automated solvent extraction retains compounds to a lesser extent and shows an easier
desorption process. We would encourage researchers to pursue such in-house, cheap and efficient
sample preparation approaches. Kinetic modelling of some newly synthesized activated carbons
could make an interesting research topic, related to the explosive compounds extraction from water
samples (Spagnoli 2017).
A concluding statement of the work presented in this dissertation manuscript is on the difficulty
of achieving a generally applicable method of analysis, to encompass analytes which respond
better in positive ionization polarity and align them with negative polarity ionization. Thus, we
have demonstrated that it is possible to develop an ESI(-) LC-MS/MS methodology for a
significantly large number of diverse explosive compounds.
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